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Abstract
Very few vertebrates survive extended periods of time without oxygen. Entry
into metabolic depression is central to surviving anoxia, which is supported by
overall suppression of protein synthesis, yet requires increased expression of
specific proteins. Studying the rapid and complex regulation of gene expression
associated with survival of anoxia may uncover new mechanisms of cellular biology
and transform our understanding of cells, as well as inform prevention and
treatment of heart attack and stroke in humans. Small non-coding RNAs (sncRNAs)
have emerged as regulators of gene expression that can be rapidly employed, can
target individual genes or suites of genes, and are highly conserved across species.
There are diverse types of sncRNAs, some coopted from degradation of longer RNAs
in the cell. The sncRNA revolution has yielded a large body of literature revealing
the roles of sncRNAs in a myriad of biological processes, from development to
regulation of the cell cycle and apoptosis, to responding to stress, including freezing,
dehydration, ischemia, and anoxia. Given the regulatory complexity required to
survive anoxia, examining sncRNAs in the context of extreme anoxia tolerance has
the potential to expand our understanding of the role that sncRNAs may play in
basic cell biology, as well as in response to stresses such as anoxia. A comparative
model including anoxia-tolerant and anoxia-sensitive phenotypes allows us to
better identify sncRNAs that likely play a critical role in anoxia tolerance. Embryos
of A. limnaeus are the most anoxia tolerant vertebrate known and are comprised of a
range of anoxia-tolerance phenotypes. These characteristics create a unique
opportunity for comparative study of the role of sncRNAs in anoxia tolerance in
i

phenotypes with a common genomic background. The overall goals of this project
were to: (1) describe the sncRNA transcriptome and changes in its expression in
response to anoxia in the embryos of A. limnaeus and in other anoxia-tolerant
vertebrates, and (2) to identify specific sncRNAs of interest based on these
sequencing projects and to follow-up on their biogenesis, localization, and function
in A. limnaeus embryos and a continuous cell line derived from A. limnaeus embryos.
Chapter 2 focuses on the identity and expression of sncRNAs in embryos of A.
limnaeus in 4 embryonic stages that differ in their anoxia tolerance and physiology.
Chapter 3 explores sncRNA expression in brain tissue (the most oxygen-sensitive
organ) in other anoxia-tolerant vertebrates: the crucian carp, western painted
turtle, leopard frog, and epaulette shark. This allows us to assess the similarities and
differences in sncRNA biology in species that evolved anoxia independently, and put
the findings from A. limnaeus in an evolutionary context. Chapter 4 describes the
establishment of the AL4 anoxia-tolerant cell line derived from A. limnaeus embryos,
which allows for more detailed study of particular sncRNAs of interest in Chapter 5.
Using whole embryos of A. limnaeus and the AL4 cell line, Chapter 5 describes the
expression, localization, and possible biogenesis and mechanism of action of
mitochondria-derived sncRNAs, known as mitosRNAs. Chapter 6 summarizes the
findings and discusses potential future directions. The work in this dissertation
represents the first global survey of sncRNA expression in anoxia tolerant
vertebrates. While many interesting patterns of expression were identified, the most
interesting discovery is the expression of sncRNAs that are generated in the
mitochondria, but have the potential to function in other compartments of the cell.
ii

This discovery could transform the way we view the role of the mitochondria in
regulating gene expression in eukaryotic cells.
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Chapter 1:
Anoxia Tolerance and the Regulation of Gene Expression
Regulation of gene expression is integral to all aspects of biology
An individual organisms’ genomic DNA sequence is relatively static, changing
only through mutations during an individual’s life. Except for the case of random
mutations, essentially the same sequence of nucleotides is found in each cell for the
entirety of the animal’s life. This code carries all the genetic information that that
animal will require in its lifetime, including genes specific for normal development,
those required for only specific cell types, and those expressed in response to
particular cell or environmental conditions. Gene expression is spatial and temporal.
It can be tissue specific, or specific to a particular time (hour, season, or year) in an
animal’s life. An organism’s survival and success depends on expressing the right
suite of genes at the right time and place. Precise and accurate regulation of gene
expression is critical and complex. The central dogma, proposed in 1958 by Francis
Crick, is that DNA is transcribed into RNA, which is then translated into protein. We
now know that this is a gross over-simplification. Over the past few decades it has
become clear that gene expression can be regulated multiple ways at each step of
information transfer, and that RNA plays many diverse roles in the cell, far beyond
serving as an intermediate between DNA and protein 1. Small non-coding RNAs
(sncRNA) have emerged as important post-transcriptional regulators of gene
expression 1 central to all aspects of life, and dysregulation of their expression is
characteristic of diseases such as cancer. Thus, studying the regulation of gene
expression via sncRNAs may elucidate fundamental mechanisms of cell biology.
1

Survival of extreme conditions, at the limits of life itself, requires dramatic
shifts in organismal and cellular physiology. These adaptations often illuminate
molecular pathways and processes that are the most sensitive and critical for
survival, and thus they provide a natural lens with which to focus our attention.
Studying the regulation of gene expression in animals adapted to survive
environmental extremes has the potential to reveal novel gene-regulatory
mechanisms.

Evolution of anoxia sensitivity and tolerance
Anoxia tolerance is rare in vertebrates, largely as a result of their
evolutionary history 2. While many bacteria thrive in anoxic conditions, having
evolved when the planet did not have oxygen, multicellular organisms and
vertebrates arose after the rise in atmospheric oxygen, due to the onset of
photosynthesis. The increased oxygen in the atmosphere permitted the evolution of
aerobic respiration, which led to more complex body plans and life histories. As
organismal form and function became more complex, so did the need for more
complex regulation of gene expression. Soon, life required high levels of aerobic
respiration to support energy-demanding complex life styles, and very few
vertebrates could survive anoxic conditions. As a result of evolution under an
oxygen-rich environment, most vertebrates are highly sensitive to anoxia 3. This has
consequences for humans, as heart attack and stroke can lead to ischemia: occlusion
of blood flow, resulting in limited oxygen delivery to tissues. Humans are highly
anoxia-sensitive, so ischemia can be lethal or result in severe tissue damage. Aquatic
2

vertebrates, however, were exposed to variable oxygen levels during their evolution
which led to the selection for anoxia tolerance in a few species that tolerate weeks
to months without oxygen 3. As a result, these species demonstrate high anoxiatolerance, not witnessed in other vertebrates. Studying how these few vertebrates
survive extended periods of time without oxygen may inform novel approaches for
preventing heart attack or stroke in humans, as well as deepening our
understanding of the regulation of gene expression.

Vertebrate anoxia tolerance requires complex regulation of gene expression
The immediate and overwhelming challenges presented by anoxia likely
require a rapid and complex response in gene expression. The animal must lower
energy demands to survive without oxygen, tolerate the rise in metabolic
byproducts (due to anaerobic respiration), and survive the transition back into an
oxygenated environment, mitigating potential damage to macromolecules from the
surge in oxygen and reactive oxygen species (ROS) 3. During anoxia, the absence of
oxygen limits the organism’s ability to generate ATP, the energy currency of the cell.
Under aerobic conditions, most of the ATP is generated by oxidative
phosphorylation, in which oxygen is the final electron acceptor in the mitochondria.
Without oxygen, this pathway cannot produce ATP, and in fact can consume ATP
under certain conditions 4,5. While some animals increase flux through glycolysis to
offset the loss in ATP generation from aerobic respiration, this alone is insufficient 2
so the animals must also decrease the use of ATP. A common and important strategy
to surviving anoxia, as well as many other environmental stresses, is entry into
3

metabolic depression. Metabolic depression allows an organism to lower its ATP
demand to match their limited ability to produce ATP. Entry into metabolic
depression associated with anoxia tolerance must happen rapidly if cellular
homeostasis is to be maintained. In anoxia-tolerant embryos of the annual killifish A.
limnaeus, heat dissipation, a proxy for metabolic depression, rapidly declines and is
reduced by 94% within 16 h of anoxia, while the heart stops within 30 h 6,7.
Cellular ATP is used for synthesis of macromolecules, protein degradation,
ion pumping, urea biosynthesis, glucose biosynthesis, mitochondrial proton leak,
and other functions 8,9. Of total ATP consumption, ~30% and 21% can be attributed
to protein synthesis and synthesis of RNA and DNA, respectively 9. Therefore, it
comes as no surprise that a central aspect of metabolic depression and survival of
anoxia is global suppression of protein synthesis 8. Protein synthesis is suppressed
by 93% during anoxia in turtle hepatocytes, based on ATP demand for the process8.
Interestingly, however increased abundance of particular proteins is necessary for
survival of anoxia 8. This presents a cell biological conundrum of how to globally
suppress protein synthesis yet specifically up-regulate the expression of some
proteins 10.
A large body of research documents protein phosphorylation as a mode of
regulating protein activity under anoxia 10, and phosphorylation of eIF2α (a protein
required translation initiation) is sufficient for suppression of protein synthesis in
some systems 11. However, global suppression of protein synthesis as a result of
alterations to the basic translational machinery seems at odds with the need to
produce anoxia-specific proteins. Thus, it is highly likely that regulation of gene
4

expression during anoxia is far more complex than just shutting down translation.
An emerging body of research indicates that non-coding RNAs play an intricate role
in cell and organismal physiology 1, and their characteristics make them particularly
well-suited to aid in the specific regulation of gene expression during extreme
anoxia tolerance.

sncRNAs are important regulators of gene expression
Small non-coding RNAs (sncRNAs), including microRNAs (miRNAs), are
short, single stranded RNAs that play diverse roles in the cell, primarily by altering
gene expression. A myriad of studies indicate that sncRNAs are involved in
practically all aspects of physiology – development, cell cycle control, regulation of
apoptosis, cancer progression, etc. Based on their biology and recent studies on
sncRNAs in response to stress, including ischemia, hypoxia, and anoxia, they are
particularly compelling candidates for regulation of gene expression necessary for
the entry and exit from metabolic depression associated with survival of anoxia.
miRNAs are the most well-studied class of sncRNAs. They inhibit or reduce
translation by complementary binding to the 3’ UTR of a target mRNA 12 and are
thought to regulate over half of the human genome 13. The specificity of miRNAs
means they could potentially support the upregulation of some proteins and the
downregulation of others in the face of anoxia. A single miRNA can target many
mRNAs 12. Importantly, sequences and miRNA function are highly conserved across
species 14. While most studies have been conducted on miRNAs, recent studies are
revealing other classes of sncRNAs, many of which have miRNA-like gene-regulatory
5

properties 15. Interestingly, many of these classes of sncRNAs are derived from
longer RNAs in the cell, such as rRNA and tRNA 16. Recently, sncRNAs originating
from and localizing to the mitochondria have also been described 17-19. In addition to
the description of novel classes of sncRNAs, new functions are continuously being
discovered as well. For example, some tRNA-derived fragments have been shown to
play a role in suppression of protein synthesis by binding to the ribosome 20, while
others affect genome stability by targeting transposon elements 21.
In the context of regulation of gene expression during anoxia, sncRNAs are
particularly compelling candidates, due to their rapid synthesis/turnover 22 and
reversible nature, which might make them easy to quickly employ in response to
sudden changes in environmental conditions. Their conservation across species

12

also makes them an interesting focus, due to the fact that findings may have
translational application to humans. Studying non-coding RNAs in the context of
extreme environments has the potential to not only contribute to our understanding
of biology in extreme environments, but to uncover novel sncRNAs and novel
functions that may enhance our concept of cell biology.

Models
To investigate the role of sncRNAs in extreme anoxia tolerance, I focused on
the most anoxia tolerant organisms, as I hypothesized that studying these organisms
would yield the most novel insight regarding anoxia tolerance survival mechanisms,
as well as regulation of gene expression. The majority of the work presented here
will focus on embryos of the annual killifish Austrofundulus limnaeus, the most
6

anoxia-tolerant vertebrate known 7, and a powerful comparative model for anoxia
tolerance due to the range of anoxia-tolerance levels present in the species. SncRNA
studies are also extended into other anoxia-tolerant vertebrates, to provide
evolutionary context of sncRNAs’ role in anoxia tolerance. Finally, a cell culture
model is developed from A. limnaeus embryos and used to study subcellular
localization and biogenesis of particular sncRNAs of interest.
A. limnaeus inhabit ephemeral mud puddles of northern Venezuela, where
the species is exposed to a dry season and a rainy season each year 23. Prior to the
onset of the dry season, the adult fish spawn and deposit their embryos in the mud
sediment 23. The adult fish perish upon the arrival of the dry season, and the
embryos are left to withstand severe dehydrating conditions, strong UV radiation,
high salinity, and anoxia, until the rain returns and they can complete development
24.

The survival of the species depends on the tolerance of the embryos to these

environmental extremes. As a result, A. limnaeus has evolved extremely stressresistant embryos and as such is an excellent model for anoxia tolerance. A. limnaeus
is emerging as a model for vertebrate stress tolerance, and in particular anoxia
tolerance, buoyed by the recent sequencing of the genome 25,26. Developmental stage
can be described in days post fertilization and post-diapause, or in Wourms’ Stages
(WS) based on the stages described by John Wourms 27-30. During embryonic
development, A. limnaeus can enter metabolic depression, called diapause, at three
different stages: diapause 1 (D1 or WS 20) occurs 4 days post fertilization (dpf) in
the cell dispersion phase, D2 occurs 24 dpf (WS 32/33) during the long somite
phase, and D3 (WS 43) occurs 24 days post D2 as a fully formed embryo prior to
7

hatching. Entry into diapause is characterized by metabolic depression and
cessation of development, extending the embryos’ survival during the dry season 29.
D2 (WS 32/33), embryos are the most tolerant to different environmental stresses,
surviving over 100 days without oxygen at 25˚C 24. These D2 embryos are already
metabolically depressed when they encounter anoxia 6,31, however actively
developing metabolically active post-D2 (pd2) embryos also display remarkable
anoxia tolerance 7,32. For up to 4 days post D2 (4 dpd), embryos (WS 36) retain the
extreme anoxia tolerance of D2 embryos 7,32. However, as embryos develop beyond
WS 36 (4 dpd) and approach hatching, their anoxia tolerance declines. By WS 40 (12
dpd) embryos survive about 7 days without oxygen, and by WS 42 (20 dpd)
embryos only tolerate about 24 hours without oxygen 7. These pd2 embryos enter
anoxia-induced quiescence in response to anoxia, a form of hypometabolism distinct
from diapause. Entrance into quiescence is associated with a profound decrease in
heat dissipation 7, and heart rate data in embryos exposed to anoxia indicates a
positive relationship between anoxia tolerance and degree of hypometabolism 6.
Therefore, not only is the species comprised of embryos that range in their level of
anoxia-tolerance, we also find phenotypes that have different modes of metabolic
depression (via diapause or quiescence). This model allows us to compare
regulation of gene expression in the same genomic background, but in distinct
phenotypes differing in degree of anoxia tolerance and type of metabolic depression.
This allows us to better identify sncRNAs that may be important to regulating
various aspects of anoxia tolerance. In this dissertation, a comparative study on the
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embryos of A. limnaeus is used to identify sncRNAs of interest that have a high
potential for a role in supporting anoxia tolerance.
Small non-coding RNA (sncRNA) profiling is also conducted on other anoxiatolerant vertebrates and compared to that of A. limnaeus. For this portion of the
work, we chose the most anoxia-tolerant vertebrates known and available. The
following species were included for comparative study: the crucian carp, western
painted turtle, leopard frog, and epaulette shark. The crucian carp and western
painted turtle are champions of vertebrate anoxia tolerance, each surviving months
without oxygen at cold temperatures. The crucian carp overwinter in ice-covered
anoxic waters of northern Europe 33. This fish, however, only reduces metabolism
slightly and remains relatively active. The western painted turtle overwinters in
anoxic ice covered ponds in the northern U.S. and Canada 34. Unlike the carp, the
turtle enters profound metabolic depression and is effectively comatose. The
leopard frog represents an intermediate level of anoxia tolerance, between highly
tolerant vertebrates and sensitive vertebrates, such as mammals. The leopard frog
survives 4-5 hours of anoxia at 25˚C 35,36, but shows hallmarks of dysregulation akin
to that of mammals 37. The epaulette shark is another moderately anoxia-tolerant
vertebrate, but is the best representative of the cartilaginous fish 33. It lives in the
Great Barrier Reef of Australia, where it is exposed to cyclic hypoxia 38. Anoxia
tolerance may be a byproduct of its hypoxia tolerance 39. Like in A. limnaeus, these
anoxia tolerant vertebrates display a range of tolerance levels and associated
physiology. Comparing their sncRNA profiles and responses to anoxia and recovery

9

may allow us to identify common evolutionarily conserved sncRNAs critical to
surviving anoxia.
While whole organisms and isolated organs allow for the extensive profiling
of sncRNAs, they do not lend themselves well to detailed study of subcellular
localization, biogenesis, and function of sncRNAs of interest. For this, we established
a continuous cell line derived from anoxia-tolerant A. limnaeus embryos. This cell
line also displays remarkable anoxia tolerance, with over half of the cells surviving
21 days without oxygen, making it a meaningful cell culture model for studying
anoxia tolerance. This cell model allows us to easily treat the cells with different
substances and examine changes in their anoxia tolerance or sncRNA expression.
Since we can grow cells stretched out on plates in culture, it also makes subcellular
imaging possible that would otherwise be difficult or impossible in whole embryos.
The cell line provides abundant material, is easy to maintain, and allows for
advanced imaging and genetic manipulation. While findings in cell culture should be
confirmed in the whole organism, the cell model greatly expands our
tools/resources for studying extreme anoxia tolerance.

Organization of the remaining chapters
In the following 4 chapters, I characterize and explore the expression of
sncRNAs in anoxia tolerant vertebrates and investigate the biogenesis, subcellular
localization, and whole embryo localization of a subclass of sncRNAs, mitosRNAs
(mitochondria-derived sncRNAs), in anoxia-tolerant A. limnaeus embryos. Chapter 2
has been previously published 40. In Chapter 2 (sncRNA in Anoxia-Tolerant Annual
10

Killifish Embryos) I characterize expression of sncRNAs in anoxia-tolerant A.
limnaeus embryos and based on expression pattern identify mitosRNAs as putative
regulators of anoxia-tolerance. In Chapter 3 (sncRNA in Extremely Anoxia Tolerant
Vertebrates) I identify sncRNAs present and differentially expressed in brain tissue
of the other most anoxia-tolerant vertebrates in response to anoxia and recovery,
and compare the expression of mitosRNAs in these species to that of A. limnaeus
embryos. In Chapter 4 (Development and Characterization of an Anoxia-Tolerant
Cell Line, AL4, Derived from the Annual Killifish Austrofundulus limnaeus) I report
on the establishment and characterization of an anoxia-tolerant continuous cell line
derived from A. limnaeus embryos. The establishment of this cell line facilitates
further detailed study of sncRNAs, such as mitosRNAs, in vertebrate anoxia
tolerance. In Chapter 5 (MitosRNAs and Extreme Anoxia Tolerance of Embryos of
the Annual Killifish Austrofundulus limnaeus), I focus on mitosRNAs and their role in
anoxia tolerance of A. limnaeus, using whole embryos and the AL4 cell line. I
investigate their expression, biogenesis, and cellular and whole-embryo localization
patterns to develop a model of their role in cellular physiology and vertebrate
anoxia-tolerance. In the last chapter (Chapter 6, Summary and future directions), I
summarize the major findings of each chapter and discuss important future
directions and experiments.

11

Chapter 2:
sncRNA in Anoxia-Tolerant Annual Killifish Embryos
This chapter has been previously published:
Riggs, C.L. and Podrabsky, J.E. (2017). Small Noncoding RNA Expression During
Extreme Anoxia Tolerance of Annual Killifish (Austrofundulus limnaeus) Embryos.
Physiological Genomics. 49(9): 505-518.
INTRODUCTION
Most vertebrate species experience tissue damage or die if denied oxygen for
even a brief period of time, yet a few remarkable species can survive for weeks to
months in the complete absence of oxygen (anoxia). Embryos of the annual killifish
Austrofundulus limnaeus are the most anoxia-tolerant vertebrate species known,
surpassing even the impressive anoxia tolerance of the crucian carp and western
painted turtle 7. The majority of anoxia-tolerant species, including A. limnaeus,
quickly and profoundly depress their metabolism when faced with anoxia, while
intolerant organisms exhibit physiological changes but do not enter as profound of a
state of hypometabolism 41. Surviving anoxia requires the organism to successfully
enter, sustain, and emerge from metabolic depression with the appropriate timing.
Global suppression of protein synthesis characterizes metabolic depression, though
up-regulation of specific proteins is necessary to support the hypometabolic state
42,43.

Precise changes in gene expression are likely necessary to support the required

changes in cell and organismal physiology associated with anoxia-induced
quiescence.
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Small non-coding RNAs (sncRNA), such as microRNAs (miRNAs), can
specifically, rapidly, and reversibly modulate gene expression 12. MiRNAs play roles
in the regulation of most physiological processes, including development 44-46,
responses to ischemia 47-50, and the regulation of metabolism 51, and have recently
emerged as potentially important players in mediating events associated with
diverse examples of metabolic depression and environmental stress. This suite of
characteristics and expression patterns makes sncRNAs a compelling focus to
understand the mechanisms of long-term anoxia tolerance. By conducting a
comparative study of sncRNA expression in different stages of A. limnaeus embryos
that exhibit variable anoxia tolerance and physiology over development we identify
sncRNAs that we hypothesize support vertebrate anoxia tolerance.
MiRNAs, the most thoroughly studied class of sncRNAs, dynamically and
specifically modulate gene expression. They are involved in a myriad of cellular
processes from metabolism 51 and cell cycle regulation 52 to developmental signaling
53,54.

Genes for canonical miRNAs are encoded by the nuclear genome and

transcribed, but not translated. Transcripts are processed into mature miRNAs 14
that bind to complementary nucleotide sequences of target mRNAs 14, ultimately
resulting in either degradation or reduced translation of the mRNA 12,14,55,56. A single
miRNA may target many mRNA transcripts, thereby affecting a suite of genes and
fundamentally altering gene expression and the physiological state of the organism
14,57.

MicroRNAs are predicted to regulate over half of the human mRNA
transcriptome, and predictions indicate that selective pressure has maintained
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complementary miRNA-mRNA binding 13. Thus, miRNAs are an essential component
of post-transcriptional gene regulation. Recent analysis also points to an interplay
between miRNAs and other forms of post-transcriptional gene regulation, regulating
gene expression networks in concert 58. Rapid miRNA turnover, ranging from less
than an hour to several hours 22, and rapid mRNA deadenylation signaling for
degradation by miRNAs 14,59 allows for quick regulation of mRNA stability and
translation. Additionally, miRNAs are found and highly conserved throughout the
animal kingdom 14.
Entry into metabolic depression, in response to environmental stress or
genetic programming, induces differential expression of miRNAs. Hibernating bats
60,61

and ground squirrels 62,63, and aestivating sea cucumbers 64,65 differentially

express miRNAs when entering their respective forms of hypometabolism. Frogs
exposed to freezing 66,67 and dehydration 68, turtles exposed to anoxia 69, as well as
invertebrates exposed to anoxia 70 and freezing 71,72, all differentially express
miRNAs in response to hypometabolism induced by the environment. These
hypometabolism-responsive miRNA expression patterns vary among and within
organisms, by tissue type and treatment.
Stress also induces changes in miRNA expression, even in organisms that do
not enter metabolic depression. Many studies on cell lines of anoxia-sensitive
species (human and mouse) reveal hypoxia-regulated miRNAs (HRM) and hypoxiaassociated miRNAs (hypoxamirs) 50,73,74. Many HRMs target proteins involved in
metabolism, ranging from glycolytic pathways and function of the citric acid cycle, to
apoptosis 75. Several hypoxamirs expressed in the heart are involved in
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mitochondrial physiology (biogenesis, respiration, fission, and abnormalities), as
well as cardiomyocyte apoptosis 47. The majority of HRMs and hypoxamirs increase
in abundance in response to anoxia. Furthermore, ischemic preconditioning (nonlethal occlusion of blood flow that increases tolerance to future ischemic events)
alters miRNA expression in mice 76, indicating that miRNA expression changes may
confer important physiological shifts necessary to extend survival of anoxia, not just
to immediately respond to the lack of oxygen.
While most studies analyzing sncRNA expression in response to hypoxia and
hypometabolism focus on miRNAs, other classes of sncRNAs are also emerging as
important players in the regulation of cellular and organismal function. SncRNAs are
also derived from tRNA, rRNA, long non-coding RNA, small nucleolar RNA, and piwiRNA; many of these have gene regulatory functions 15,16,46,77-80. Environmental
stressors, such as dehydration and oxidative stress, generate tRNA-derived
fragments in diverse organisms, ranging from yeast to humans 78,81-85. Classes of
mitochondria-associated sncRNAs have also come into view. A new class of miRNAs,
called mitomiRs, localize to the mitochondria, either by translocation or physical
association 18,19,86-88. The mitochondrial genome also produces sncRNAs, termed
mitosRNAs 17. Many sncRNAs have miRNA-like gene regulatory properties 15,
however discovery of new functions and mechanisms continues. Recent advances in
understanding the roles of miRNA in modulation of gene expression, particularly
during metabolic depression and anoxia, hypoxia, or ischemia, make sncRNAs a
promising avenue of investigation of anoxia tolerance mechanisms in A. limnaeus
embryos.
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The ephemeral pond habitat of A. limnaeus imposes extreme environmental
conditions, including anoxia, on developing embryos 89,90. As a result, extreme
anoxia tolerance is critical to the persistence of the species. Three periods of
metabolic dormancy, called diapause, lengthen embryonic development and help
the embryos endure the extreme environment of the dry season 7,32,91. Different
developmental stages of A. limnaeus, with unique physiology and morphology,
display different levels of anoxia tolerance (Fig. 2.1). Tolerance peaks during
diapause 2 (D2), when embryos survive for 90-120 days without oxygen 32. During
early post-D2 development, metabolically active embryos maintain this extreme
tolerance of anoxia for at least 4 days post-D2 (dpd). These embryos enter an
anoxia-induced quiescence characterized by an arrest of development, cessation of
cardiac activity, and severe metabolic depression 92. After 4 dpd, as embryos
approach hatching, their anoxia tolerance gradually declines 7,32. By 12 dpd embryos
survive about a week without oxygen 7,32 and by 20 dpd, shortly prior to hatching,
embryos survive less than 24 h of anoxia (Fig. 2.1). Additionally, anoxic
preconditioning 7, a brief non-lethal exposure to anoxia, extends the anoxia
tolerance of 8-12 dpd stage embryos, as previously described in mammals.
Preconditioning, however, does not extend the anoxia tolerance of D2 or 4 dpd
embryos, the most anoxia-tolerant stages, or 20 dpd embryos, the least anoxiatolerant stage.
A. limnaeus presents an opportunity for intraspecific comparison between
embryonic stages that differ in their metabolic physiology, anoxia-tolerance, and
response to preconditioning. This unique model provides a framework to identify
16

adaptive sncRNAs, essential to survival of anoxia. This study characterizes sncRNA
expression during development and in response to anoxia followed by aerobic
recovery in embryos that differ dramatically in their anoxia tolerance. Each stage
displays a unique profile of sncRNAs under normoxic conditions, which respond
distinctly to exposure to anoxia and recovery. Dormant D2 embryos display a
unique sncRNA profile under normoxia and in response to anoxia, relative to the
actively developing and metabolically active post-D2 embryos whose profiles are
more similar to each other. Known stress- and hypoxia-responsive miRNAs are
identified in the A. limnaeus dataset. Additionally, many novel sncRNAs are also
identified, including highly anoxia-responsive sequences derived from the
mitochondrial genome.
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METHODS
Embryo rearing and staging
Embryos of Austrofundulus limnaeus were collected from adult spawning
pairs and cared for according to established husbandry methods 93 in accordance
with approved Portland State University IACUC protocols (PSU IACUC protocol
#33). At 25˚C embryos normally enter D2 at 24 days post-fertilization (dpf). In order
to study post-D2 stages, embryos were exposed to continuous light for 48 h at 30˚C
to break diapause. Embryos from multiple spawning events were pooled when
breaking D2 to account for any spawn-specific variation. Following confirmation
that embryos had broken diapause as assessed by morphology and heart rate as
previously described 43, embryos were returned to 25˚C where they were
maintained using established methods 93. Embryos were staged according to
Wourms’ staging (WS)27-29.

Experimental design
Details of the experimental design and the physiological phenotypes of the
developmental stages used in this study are provided in Figure 2.1. Embryos were
exposed to anoxia and aerobic recovery following anoxia, and sampled for sncRNA
expression profiling. Diapause 2, 4 dpd, and 12 dpd embryos were sampled at 0, 4,
and 24 h of anoxia, and 2 and 24 h of aerobic recovery. Since 20 dpd embryos have a
time to 50% mortality (LT50) in anoxia of less than 24 h, their sampling was adjusted
to 2 and 6 h of anoxia to fall within their tolerance. 20 dpd recovery embryos were

18

sampled at 2 and 24 h of recovery. For each stage, four biological replicates (n=4),
comprised of 20 embryos each, were sampled at each designated time.

Anoxic exposure and aerobic recovery
Embryos were exposed to anoxia at 25˚C in a Bactron III anaerobic chamber
(Sheldon Manufacturing, Cornelius, OR) as previously described 94. Following
anoxia, embryos were removed from the anaerobic chamber and rinsed three times
in normoxic embryo medium to initiate aerobic recovery. Embryos were allowed to
recover at 25˚C until sampling.

Sampling embryos for sncRNA sequencing
At the time of sampling, embryos were blotted dry on a 100 µm nylon mesh
screen placed on a paper towel to wick away excess medium. Embryos were then
transferred to a pre-weighed microcentrifuge tube and flash-frozen in liquid
nitrogen. Frozen samples were stored at -80˚C until RNA extraction. For anoxic
samples this procedure was performed within the anaerobic chamber, and closed
microcentrifuge tubes were immediately flash-frozen upon removal from the
anaerobic environment.

RNA extraction
Total RNA was extracted from each sample using TRIzol™ reagent
(Invitrogen Inc., Carlsbad, California), as previously described 95,96. Briefly, samples
were homogenized in TRIzol, phase separated with chloroform, and RNA was
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precipitated from the aqueous phase by incubating overnight in a high-salt solution
according to the manufacturer’s instructions. Total RNA was resuspended in 1 mM
sodium citrate (pH = 6.4). Total RNA concentration and purity were assessed by
measuring absorbance at 260 and 280 nm and calculating the A260/A280 ratios using
an Infinite Pro M200 plate reader equipped with a NanoQuant plate (Tecan, San
Jose, CA, USA). To assess RNA integrity, RNA was run on a 2% agarose gel, stained
with ethidium bromide and visually inspected for distinct bands representing 18S
and 28S rRNA subunits. The mean A260/A280 ratio was 2.15 ± 0.05 (Table S2.1). Only
high quality RNA samples with A260/A280 ratios ranging from 1.92 to 2.2 and distinct
bands for 18S and 28S rRNA ribosomal subunits were used to prepare sequencing
libraries. Total RNA was stored at -80˚C until cDNA library preparation.

sncRNA sample preparation
cDNA libraries were prepared using 1 µg total RNA as input for the TruSeq®
Small RNA sequencing kit (Illumina, Inc. San Diego, CA), following the
manufacturer’s guidelines. Adapter-ligated small RNAs were reverse transcribed
and amplified by PCR. Due to low small RNA abundance in our embryos, particularly
at younger stages, double the recommended amount of ligated RNA was used for
PCR amplification. cDNA libraries were purified by gel electrophoresis on a 6%
polyacrylamide gel and small RNAs, determined by bands corresponding with 22-30
nucleotide long fragments, were excised from the gel. cDNA was purified by ethanol
precipitation and resuspended in 10 mM Tris-HCl, pH 8.5. Samples were stored at -
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20° C until library validation. Sequencing library quantity, quality and sequencing
were performed at the Oregon Health and Sciences University Massively Parallel
Sequencing Shared Resource (OHSU MPSSR). Library quality was assessed prior to
sequencing using a DNA-1000 chip on a model 2100 Bioanalyzer (Agilent
Technologies). Real time quantitative PCR was used to quantify libraries prior to
cluster generation and sequencing on an Illumina HiSeq 2000. Single end
sequencing was run for 36, 50, or 100 cycles, depending on the other samples being
run at the time (Table S2.1). All cycle lengths captured the small RNAs and part of
the 3’ adapter sequence. 12 samples were multiplexed per flow cell lane. Unique
indices tagged to adapter sequences were used to computationally demultiplex
reads after sequencing. Biological replicates were distributed across flow cell lanes
to eliminate lane-bias. Bcl2fastq2 version 2.1.17.1.14 was used to initially process
the data and generate fasta files for analysis. Raw sequence files have been
deposited in the NCBI sequence read archive (SRA). Accession numbers are listed in
Table S2.1.

sncRNA sequence processing and analysis
Samples were processed according to the following pipeline. Reads were
trimmed with Trimmomatic (version 0.36) to remove 3’ and 5’ adapters and low
quality reads with a Phred score under 33 97. Reads 15-27 nucleotides long were
retained for analysis to capture canonical miRNAs as well as other known and novel
classes of sncRNAs. FastQC (version 0.11.5) analysis was run and compared prior to
and following trimming. Sequences were mapped to the Austrofundulus limnaeus
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genome (Austrofundulus_limnaeus-1.0 GCF_001266775.1 and the Austrofundulus
limnaeus mitochondrial genome 98). Sequences with exact matches to the genome
were considered real A. limnaeus sequences and retained for analysis. All 80
samples were normalized by library size 99, in order to allow for comparison of
expression values. Sequences with very low expression were removed from the data
by filtering to retain only sequences with a sum of normalized counts across all 80
samples > 4. Sequences in this resulting catalog (725,773 sequences) were
annotated to known sncRNAs documented in miRbase v.19 100, RFAM (version 12.1)
101,

and the A. limnaeus mitochondrial genome 98. Annotations were conducted in

CLC Genomics Workbench v6 (https://www.qiagenbioinformatics.com/), allowing
for up to 2 mismatches, and 2 additional or missing bases up or downstream of the
annotating sequence.
Description and analysis of differential expression of the A. limnaeus sncRNA
sequence catalog were performed using the Bioconductor package in R version 3.2.1
102,103.

Differential expression analysis was performed across experimental

treatments within each embryonic stage, as well as across all stages under normoxic
conditions (t=0) using DESeq2 99. P-values were generated using the likelihood ratio
test (LRT) with independent filtering to remove remaining low count sequences 104.
Highly differentially expressed sequences were selected based on the following
criteria: padj < 0.01; log2 fold-change > 2 or < -2; base mean > 25 normalized counts
across all samples. Between stages, fold-change was calculated relative to D2
expression values for analysis of differential expression over development. Fold-
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change was calculated relative to t=0 expression values for analysis of differential
expression in response to anoxia and recovery from anoxia within a stage.
Highly differentially expressed sncRNAs of interest were clustered by
expression pattern with Cluster 3.0 105 for heat map generation. Data were log
transformed and then organized by genes into clusters, based on k-means, using the
Euclidean distance similarity metric for 100 runs. Clustered genes were viewed as a
heat-map using Java TreeView 106.

Literature Search for miRNAs
To compare microRNAs identified in A. limnaeus to known stress,
hypometabolism, ischemia, hypoxia, and ischemic-preconditioning (IP)-responsive
miRNAs in the literature we created a database of miRNAs known to respond to
these conditions (Table S2.2). The list of stress and hypometabolism-responsive
miRNAs included all examples of miRNAs differentially expressed in response to
hypometabolism found by searching “miRNA hypometabolism” in google scholar.
Articles directly pertaining to hypoxia (ie in the title) were skipped. For the hypoxiaresponsive miRNA list, we referenced the latest most comprehensive review on the
topic by Kulshreshtha et al. 2008 50 and supplemented it with a specific recent
review on miRNAs in myocardial infarction 48, reviews on hypoxamirs 47,75, and
recent reviews and primary articles on miRNAs in preconditioning 49,107,108. MiRNA
names were reduced to remove variants (i.e. miR-181b à miR-181) for the sake of
simplicity, since the letters indicate differences in similar miRNA sequences within a
species.
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RESULTS & DISCUSSION
This is the first study of its kind to identify sncRNA sequences potentially
critical to supporting long-term vertebrate anoxia tolerance, through an
intraspecific comparative approach. For a complete catalog of sequences identified
in this study see Table S2.3. Below, the potential importance of both constitutively
expressed sncRNAs and anoxia-induced sncRNAs that may support anoxia tolerance
in A. limnaeus are discussed. Importantly, many of the responses to anoxia are stagespecific, even for stages with similar levels of anoxia tolerance. Though many unique
sequences were identified, the discussion focuses on patterns of known stressresponsive miRNAs, as well as a subset of the potentially novel sncRNAs and
miRNAs that may play critical roles in anoxia tolerance.

Total RNA levels are stabilized during anoxia in all stages of development
Total RNA per embryo differs by stage, increasing as the embryo develops
(Fig. 2.2A), but is not altered by exposure to anoxia (Fig. 2.2B). This result is
consistent with observations in other anoxia-tolerant organisms such as Artemia
109,110,

but contrasts with results for RNA yield in the telencephalon and ventricle of

western painted turtles, Chrysemys picta bellii, exposed to 24 h of anoxia at 19˚C 111.
Each embryonic stage studied in A. limnaeus generated roughly equal numbers of
raw reads, indicating comparable coverage (Table 2.1, Table S2.1). Additionally, the
number of unique small RNA reads in the catalog does not differ significantly by
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stage or by treatment (data not shown), justifying further comparison of the sncRNA
expression profiles between stages and treatments.

Stress-responsive miRNAs are highly expressed in all developmental stages
At each embryonic stage, many of the top 100 most abundant sncRNAs
annotate to known stress-responsive miRNAs. Many of the sequences enriched in 4
dpd embryos, relative to D2 embryos, are also abundant in 12 dpd embryos (Fig.
2.3A clusters 1 & 4). 68 of the 100 most highly expressed sequences in 4 dpd
embryos are also highly expressed in 12 dpd and/or 20 dpd embryos (Fig. 2.3B). Of
these sequences, ~ 63% (43 of 68) annotate to known stress-responsive miRNAs
(Table S2.4). Dormant (D2) embryos have a unique sncRNA transcriptome (see
below), and only share 18 of their most abundant sncRNA sequences with post-D2
stages (Fig. 2.3B, Table 2.2). miRNAs with known stress-responsive function account
for nearly all of these shared sequences. This result suggests that baseline
expression of stress-responsive sncRNAs may predispose A. limnaeus embryos to
tolerate stress, given that D2 embryos are the most stress-tolerant developmental
stage of A. limnaeus 24. Despite enrichment of known sequences documented to
respond to stress, these miRNAs may also have different roles. A single miRNA can
target multiple genes and consequently have many biological functions. Several
variants of miR-10b and miR-92a are abundant in each embryonic stage (Table 2.2),
and these sequences are often dysregulated in cancer but also have normal
functions in development 112,113. Dissecting the function of such miRNAs in a general
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stress-response in A. limnaeus requires detailed experiments, including the
identification of mRNA targets.

Stage- and tolerance-specific patterns of sncRNA abundance
Each embryonic stage, unique in its anoxia tolerance and physiology (Fig.
2.1), displays a distinct sncRNA profile under normoxic conditions (Fig. 2.3, Table
S2.4, Table S2.5, Fig S2.2) and in response to anoxia (Fig. 2.4, Table S2.6, Fig. S2.2).
Evaluation of these expression patterns and the known differences in physiology,
anoxia-tolerance, and metabolic profiles of the stages allows for the identification of
sequences that may be adaptive for surviving anoxia and should be targeted for
detailed study in the future.

Diapause 2 embryos are uniquely poised for anoxic survival
Dormant D2 embryos express unique sncRNA patterns compared to the
actively developing post-D2 stages. Expression of many D2-specific sequences (Fig.
2.3A clusters 2 & 3) prior to exposure to anoxia fits with the unique physiological
state (profound metabolic and developmental arrest) of D2 embryos 114. These D2specific sequences may support regulation of metabolism, protein synthesis, and cell
cycle arrest associated with entrance into D2 24,115,116. They may also play a role in
support of anoxia tolerance as D2 embryos appear prepared for anaerobic
metabolism even under aerobic conditions, and thus few adjustments are needed
during their entry into anoxia 114,117,118.
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D2 embryos may be prepared at baseline with a high abundance of
sequences required to regulate the stressful physiological transition associated with
reoxygenation. The normoxic D2 sncRNA transcriptome is enriched for sequences
that increase in abundance during recovery from anoxia in metabolically active
anoxia-tolerant 4 dpd embryos (Fig. 2.4 clusters 4-1, 4-3, 4-5). In fact, 96% of the
sncRNAs in Figure 2.4 cluster 4-1 are abundant at t=0 in D2 embryos (Fig. 2.3
clusters 1 & 2). Many (40%) of the recovery-responsive 4 dpd sequences annotate
to known stress-responsive sncRNAs. The high proportion of these sequences
constitutively expressed in D2 embryos may prepare them for a successful
transition out of anoxia without the need for de novo synthesis of sncRNAs critical
for this process.
D2 embryos lack a robust sncRNA transcriptomic response to anoxia, with
only 35 sncRNA sequences changing in abundance. In contrast, for post-D2 stages
those with higher tolerances of anoxia tend to have a greater number of
differentially expressed sncRNAs (Fig. 2.5). This lack of a large-scale sncRNA
transcriptomic response in D2 embryos is consistent with the intrinsically low
metabolic rate and limited capacity for gene expression associated with diapause 31
(Fig. 2.1). Of the few anoxia-responsive sncRNAs identified in D2 embryos, over half
increase in abundance in 4 dpd embryos (extremely anoxia-tolerant, metabolically
active embryos) during recovery from anoxia (Fig. 2.4, groups B & C). This pattern
again suggests preparation in D2 embryos for reoxygenation as described above for
constitutively expressed sncRNAs.
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In D2 embryos, most anoxia-responsive sncRNAs decrease in abundance
during anoxia and then return to baseline levels during recovery (Fig. 2.4 cluster
D2-2, Fig. 2.6B,C). We hypothesize that the decreased abundance of these miRNAs
suggests that they are consumed as they work to alter translational efficiency of
proteins necessary for surviving entrance into anoxia. Alternatively, these miRNAs
could be blocking translation of mRNA transcripts during dormancy, and thus
degradation or decreased synthesis of the miRNA could allow for immediate
translation of the mRNAs in response to anoxia. Identifying the targets of these
miRNAs may help us identify genes required to tolerate anoxia.
Only a handful of sequences in D2 embryos increase in abundance during
anoxia and return to nearly undetectable levels during recovery (Fig. 2.4 cluster D21, Fig. 2.6A). These sequences may decrease translation of proteins required under
oxygenated conditions that are incompatible with the biochemical requirements for
surviving anoxia. Beyond the function of these miRNAs, understanding how the
embryo generates them when cellular energy stores (ATP levels) are especially low
92

may reveal unique aspects of sncRNA synthesis in this species.

4 dpd embryos display large and diverse changes in sncRNA abundance in response to
anoxia and recovery, relative to other post-D2 stages
In extremely anoxia-tolerant 4 dpd embryos, exposure to anoxia significantly
alters the abundance of 772 sncRNAs (Fig. 2.4, Fig. 2.5), suggesting that survival of
anoxia may therefore require these changes in sncRNA abundance levels. Exposure
to anoxia induces two major patterns in sncRNA expression in 4 dpd embryos. First,
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many sncRNAs increase in abundance dramatically during recovery (Fig. 2.4
clusters 4-1, 4-3, 4-5). These are the same clusters referenced above that are
constitutively expressed in D2 embryos, but of low abundance or not expressed in
normoxic post-D2 stages (Fig. 2.6A,B,C). Thus, it seems that highly anoxia-tolerant
and metabolically active (4 dpd) embryos must produce sncRNA sequences de novo
during recovery, which highly anoxia-tolerant and dormant embryos (D2) express
in abundance regardless of exposure to anoxia. Based on this expression we
hypothesize that these sequences support homeostasis during the critical transition
from anoxia to normoxia in 4 dpd embryos.
Dramatic changes in sncRNA abundance during recovery is not surprising
given that successful transition between anoxia and normoxia is essential for
survival, but particularly challenging from a cell biological perspective 3.
Reperfusion-injury occurs when restoration of circulation delivers a surge of oxygen
to tissues and increases the chances of reactive oxygen species (ROS) production 119.
ROS damages DNA, cell membranes, and proteins 120, and therefore threatens
survival. Recent discovery of miRNAs that regulate ROS production 121 and sense
redox changes (redoximiRs) 122, supports the idea that these recovery-responsive
miRNAs could be involved in preventing or ameliorating reperfusion injury. In 4 dpd
embryos exposed to anoxia, 17 miRNAs previously reported to play a role in
regulating and responding to ROS (Table 2.3) increase significantly in abundance
during recovery, relative to normoxic (t=0) levels (Fig. 2.4. clusters 4-1, 4-3, 4-5).
Therefore, we hypothesize that the recovery-responsive miRNAs overwhelming the
sncRNA response to anoxia in 4 dpd embryos are involved in regulating ROS and
29

mitigating risks of reperfusion injury required for survival of long-term anoxia.
Additionally, our data may contain novel ROS-responsive and ROS-regulating
sequences, yet to be discovered in other systems.

Long-term anoxia tolerance
From a metabolic perspective, it is difficult to distinguish a normoxic D2
embryo from an anoxic one, probably because D2 embryos are already dormant
when exposed to anoxia 92. In stark contrast, embryos at 4 dpd are metabolically
active when exposed to anoxia, and quickly depress their metabolism and enter a
state of quiescence 92. Despite their divergent physiological states, D2 and 4 dpd
embryos survive anoxia for about the same about of time (Fig. 2.1). Consistent with
their differences in physiology, their sncRNA profiles and responses to anoxia are
distinct. However, the constitutively expressed sncRNA transcriptome of D2
embryos is very similar to the recovery-specific transcriptome of 4 dpd embryos
(see above). Further, these sequences may specifically support the survival of long
term anoxia, as they are absent or not differentially expressed in older, less anoxiatolerant embryos (12 dpd and 20 dpd).

The mitochondrial sncRNA transcriptome responds to anoxia
During anoxia, extremely anoxia-tolerant 4 dpd embryos deplete and regain
transcripts of a unique class of sncRNAs (Fig. 2.4 cluster 4-2). These sequences
initially decrease in abundance after 4 h of anoxia, compared to baseline levels, but
drastically increase in abundance by 24 h of anoxia (Fig. 2.6G,H,I). The same
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sequences display similar expression patterns in 12 dpd embryos, but for the most
part only in 4 dpd embryos does the change in abundance rise to the level of
statistical significance. In contrast to the above discussion, these sequences are not
abundant during recovery. This pattern suggests possible degradation or
consumption of the sequences during transitions into and out of anoxia. The few
published studies on sncRNA expression during anoxia that include time-course
analyses generally show a graded increase or decrease in expression as the anoxic
bout continues 18,123. Synthesis of these sequences during anoxia is surprising since
the lack of oxygen adversely affects the canonical miRNA biogenesis pathway 124.
However, most of these sequences are not similar to any known miRNAs, but rather
map to the mitochondrial genome of A. limnaeus. As non-canonical miRNAs, their
generation may be possible under anoxia. The 4 dpd anoxia-responsive cluster (Fig.
2.4 cluster 4-2) is particularly enriched for sequences derived from mitochondrial
transfer-RNAs (tRNAs) (Fig 2.7). While a few mitochondria-derived sequences
increase in abundance during recovery from anoxia (Fig. 2.4 clusters 4-3 & 4-5),
mitochondria-derived sequences comprise the majority (75%) of sncRNAs that
increase in abundance during anoxia in 4 dpd embryos. This unique signature of
anoxia-responsive mitochondria-derived sncRNAs characterizes 4 dpd embryos, the
most anoxia-tolerant and metabolically active stage. We hypothesize that these
mitochondria-derived sncRNAs may be central to the development of extreme
anoxia-tolerance in active A. limnaeus embryos.
Mitochondria-derived small RNAs (mitosRNAs) (84) and mitomiRs (miRNAs
encoded in the nuclear genome and localized to mitochondria) 18,87,125 have recently
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been described, and some mitomiRs have even been associated with hypoxia and
metabolic function 18. However, this is the first report, to our knowledge, of stressresponsive mitosRNAs. Further, the enrichment of tRNA-derived sequences could
have implications for regulation of protein synthesis, which is commonly
suppressed during anoxia-induced quiescence 126, by taking mitochondrial tRNAs
out of commission. It is therefore plausible that tRNAs are selectively processed to
support metabolic depression, and were coopted for further function to support
anoxia-tolerance in A. limnaeus via regulation of gene expression. Conversely,
distinct mechanisms within the mitochondrion may synthesize these sncRNAs
under anoxia. The presence of some mitosRNAs with several bases on the 5’ end
that are not modeled to exist in the mature tRNA sequences, supports the
biosynthesis hypothesis of these sequences during anoxia (as opposed to
degradation of existing tRNAs) indicating that their production may not be tRNAdegradation, but alternative processing of RNA transcripts. However, it is possible
that these models are incorrect and detailed sequencing of mature tRNAs will be
needed to clarify the pathway by which these sncRNAs are created.
Given the central importance of mitochondrial physiology to oxygen sensing
and regulation of programmed cell death pathways in response to anoxia and
ischemia 127, we hypothesize that this group of mitochondria-derived anoxiaresponsive sncRNAs are essential for maintaining mitochondrial homeostasis and
function in metabolically active embryos during transitions into and out of anoxia
(D2 embryos do not express these sequences in high abundance). This novel finding
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may open new avenues for understanding how mitochondrial function supports
anoxia tolerance and how to preserve its function in the face of anoxia.
The induction of mitosRNAs in response to anoxia, observed in 4 dpd
embryos, has not been previously described and therefore may be species-specific.
However, most sncRNA studies focus on the role of conserved miRNAs, and
therefore mitochondria-derived sncRNA sequences may have simply been
overlooked in other studies. Data mining of deep sequencing small RNA projects is
an important next-step in exploring a more generalized role for mitosRNAs in the
support of stress tolerance.

12 dpd embryos express putative preconditioning-responsive sncRNAs
Preconditioning 12 dpd embryos with 24 h of anoxia followed by 24 h of
aerobic recovery extends anoxia tolerance by over 30%(Fig. 2.1)7. Thus, 12 dpdspecific sequences that increase in abundance during recovery from anoxia are
induced by the preconditioning regime and may play a role in extending anoxia
tolerance. While most of the sncRNAs differentially expressed over exposure to
anoxia and recovery in preconditioning-responsive 12 dpd embryos are more
abundant during recovery, only one cluster is comprised of sequences that
dramatically increase in expression at 2 and 24 h of recovery (Figs. 3 cluster 12-1).
Additionally, anoxia does not induce differential expression of these sequences in
any other embryonic stage, suggesting that they may be specific to the
preconditioning phenotype (Fig. 2.6J,K,L). Based on this expression pattern and the
preconditioning-responsive physiology of 12 dpd embryos, we hypothesize that
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these sequences may support extended survival of anoxia following
preconditioning. Furthermore, the majority (85%) of these sequences annotate to
known stress-responsive miRNAs, a broad category including hypoxia,
preconditioning, and stress/hypometabolism-responsive sequences (Table 2.4). Of
these sequences, over half (54%) annotate to known preconditioning-responsive
miRNAs, but only one of the sequences (mir-153) is solely documented as
preconditioning-responsive in the literature. The majority of these putative
preconditioning-responsive sequences respond to either stress/hypometabolism or
a variety of stresses including hypoxia, and preconditioning. This overlap led us to
hypothesize that preconditioning may activate a robust conserved general stress
response in A. limnaeus embryos that supports survival of subsequent exposures to
anoxia. Hypoxia, ischemia and preconditioning responsive sncRNAs from
mammalian species are not represented in large numbers in these sequences,
indicating that the preconditioning response in A. limnaeus, a highly anoxia-tolerant
species, may be distinct from that of anoxia-sensitive mammals.

Anoxia-sensitive 20 dpd embryos do not mount a robust sncRNA response to anoxia
Metabolically active embryos near hatching and sensitive to anoxia (20 dpd,
Fig. 2.1), fail to mount a robust sncRNA response to anoxia. Exposure to anoxia only
induces changes in expression of 64 sequences in these embryos, compared with
224 and 772 sequences in 12 dpd and 4 dpd embryos, respectively (Fig. 2.4, Fig.
2.5). Of the few sequences that change in abundance about half are shared with
those differentially expressed in 12 dpd embryos (Fig. 2.4 clusters 20-1 & 20-2). In
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general, these sequences are less abundant in 20 dpd embryos than in other post-D2
embryos, indicating a muted response (Fig. 2.6M,N,O). A diminished sncRNA
response to anoxia in 20 dpd embryos, relative to other post-D2 embryos, may
underlie the reduced anoxia tolerance and limited ability to suppress metabolism
observed in these pre-hatching embryos. In contrast to the anoxia-tolerant 4 dpd
embryos, the heart continues to beat during anoxia in embryos 12 dpd and older (6;
JEP, personal observation). We therefore hypothesize that the anoxia-sensitivity of
20 dpd embryos may be linked to their inability to mount a robust sncRNA response
that regulates biochemical and physiological changes required for long-term anoxic
survival.
In 20 dpd embryos, anoxia induces two distinct sequence expression
patterns (Fig. 2.4 cluster 20-2 & 20-3). First, sequences abundant under normoxia
decline in abundance and do not regain normoxic levels within 24 h of recovery (Fig.
2.4 cluster 20-2). Of the 7 sequences with this distinct pattern, 4 have not previously
been described and 3 annotate to variants of mir-1b. Mir-1 variants are associated
with ischemic-preconditioning 107 and hypometabolism 64,128 (Table S2.2).
Recovering from anoxia produces an increase in transcript abundance of a second
group of sncRNAs in 20 dpd embryos (Fig. 2.4 cluster 20-3). Many of these
sequences are also recovery-responsive in extremely anoxia-tolerant 4 dpd embryos
(Fig. 2.6O). The significance of these expression patterns remains unclear, but the
generally reduced response in anoxia-sensitive 20 dpd embryos compared to
anoxia-tolerant post-D2 stages suggests a reduced capacity to respond to anoxia via
alterations in the sncRNA transcriptome.
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Limitations and challenges
This study provides a global overview of sncRNA identity and abundance in a
species with anoxia-sensitive and anoxia-tolerant phenotypes, allowing us to
identify compelling groups of sequences to further investigate. However, as a wholeembryo study, this work lacks organ- and cell-type specific expression information.
sncRNAs differentially expressed only in a specific tissue or cell type may also go
undetected in this study, as the abundance of sequences from other tissues dwarfs
their expression. Comparison with known stress-responsive miRNAs relies on
imperfect methods, assuming functional similarity between sequences annotating to
the same miRNAs active in distinct species. Additionally, since A. limnaeus is
emerging as a genomic and transcriptomic model and we have chosen to consider
all sncRNAs, identifying targets and functions remains a significant challenge.
However, identifying novel ways to prevent tissue damage as a consequence of
oxygen deprivation or to engineer vertebrate cells to survive without oxygen
remains a rewarding challenge.

Conclusions and future directions
In conclusion, comparing sncRNA profiles of distinct phenotypes within A.
limnaeus has yielded a number of expected and surprising outcomes, with the
identification of known hypoxia-responsive miRNAs as well as novel sncRNAs. The
intraspecific comparative approach proved powerful for identifying unique sncRNA
sequences that, based on expression pattern, we predict mediate various aspects of
36

anoxic biology in this species. Robust differences in sncRNA expression patterns
exhibited by each unique developmental stage allowed for the identification of
sncRNA sequences that, with further focused study, may transform our
understanding of vertebrate anoxia-tolerance. In particular, this study generated
great interest and focus on mitosRNAs, which almost certainly would not have been
identified had our study been limited to one embryonic stage or to evaluation of
known miRNAs. In order to examine the biology of mitosRNAs, we will probe their
location and test their function in whole embryos and cell culture derived from
anoxia-tolerant A. limnaeus embryos. These cell culture studies will provide greater
resolution, spatially and functionally, and allow us to examine proteomic changes
associated with over or under-expression of sncRNAs of interest. In addition,
existing sncRNA data for other organisms must be searched for similar stressresponsive mitosRNAs, in both anoxia-tolerant and anoxia-sensitive species. These
comparative genomic and transcriptomic studies could help identify common and
adaptive responses to anoxia in vertebrates. In addition, these studies may help to
distinguish, in anoxia-sensitive species, adaptive responses from those due to
dysregulation in the face of cellular stress due to oxygen deprivation.
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Figure 2.1. Anoxia tolerance, physiology, and sampling of developmental stages of Austrofundulus
limnaeus included in this study.
1. WS = Wourms’ stage 27
2. dpd = days post-diapause II
3. Time to 50% mortality in anoxia at 25°C for 0, 4, and 12 dpd embryos 32. Data for 20 dpd embryos
is first presented here.
4. AP = Percent change in survival following anoxic preconditioning 7
5. A = anoxia and R = recovery
6. Type of metabolic depression involved
7. Heart rate in beats/min during normoxic incubation at 25°C 129
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Figure 2.2. RNA yield per embryo in the four developmental stages investigated. (A) The total RNA
extracted per embryo increases during development, likely due to cell proliferation and
differentiation (ANOVA, p < 0.0001; Tukey's post hoc, p < 0.05; stages with different letters are
statistically different). (B) Anoxia treatment does not alter the amount of extractable RNA (ANOVA, p
= 0.9967). D2 = diapause 2; dpd = days post-diapause 2; t=0 = normoxic embryos; EA = early anoxia;
LA = late anoxia; ER = early recovery; LR = late recovery. For details on the experimental treatments,
see Figure 2.1.
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Figure 2.3. sncRNA abundance as a function of developmental stage in normoxia. (A) Heat map of
mean abundance values for sncRNAs that are highly differentially expressed (adjusted p-value < 0.01,
log2 fold change > 2, and normalized mean expression across all samples > 25) between
developmental stages in normoxia (t = 0). Log2 Fold change values are calculated relative to mean
expression in D2 embryos. Yellow indicates increased expression relative to the D2 mean, while blue
indicates decreased expression. Grey indicates a missing value due to the absence of that sncRNA in
that developmental stage. Expression patterns were parsed into 5 basic clusters using K-means
clustering. See Supplemental Table 5 and Supplemental Figure 2.1 for detail on these sequences. (B)
Venn diagram of top 100 most abundant sequences expressed in normoxic embryos (t = 0). See Table
2.3 for details on these abundant sequences that are shared in D2 and post-D2 embryos and
Supplemental Table 2.4 for details on all the top 100 sequences.
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Figure 2.4. Heat map of sncRNA differential expression in response to anoxia and recovery from
anoxia in each developmental stage. Highly differentially expressed sncRNAs (adjusted p-value <
0.01, log2 fold change > 2, and normalized mean expression across all samples > 25) were clustered
within each stage (cluster numbers are listed on the left side of the heat map). Within each cluster,
expression patterns are displayed for all stages, even though expression may not be statistically
different in the other stages. Because differential expression was determined within each stage, some
sncRNA sequences may be represented in multiple stages. Within each stage, expression on the heat
map corresponds with exposure to anoxia and recovery from anoxia (indicated by the gradient filled
triangles above the heatmap; from left to right: t = 0 (normoxia), early anoxia, late anoxia, early
recovery, late recovery. For details on sampling see Figure 2.1. Log2 fold change values were
calculated relative to the mean expression of all sncRNAs over all 80 samples (all replicates of all
stages and treatments). Yellow indicates increased expression relative to the mean while blue
indicates decreased expression. Grey indicates a missing value due to absence of that sequence in
that experimental treatment. Letters to the right of the heat map indicate sequences that are
represented in line graphs in Figure 2.6. See Supplemental Table 6 and Supplemental Figure 3 for
detail on these and other differentially expressed sequences.
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Figure 2.5. The relationship between anoxia tolerance and the number of highly differentially
expressed sequences for each stage. Note that D2 embryos have a low number of differentially
expressed sncRNAs, even though they have a high tolerance of anoxia.
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Figure 2.6. Normalized expression of the most significantly differentially expressed (based on pvalue) sequences in each developmental stage (see Figure 2.3). Normalized expression (mean ± SEM)
for all 4 stages is presented for each sequence. Solid lines indicate time during anoxia, while dotted
lines denote aerobic recovery. (A,B,C) Sequences differentially expressed in D2 embryos. (D,E,F)
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Sequences with increased expression during recovery in 4 dpd embryos. (G,H,I) MitosRNAs derived
from tRNA fragments that increase in abundance during anoxia in 4 dpd embryos. (J,K,L) Sequences
that are putative anoxic preconditioning responsive in 12 dpd embryos. (M,N,O) Expression patterns
of sequences for 20 dpd embryos. EA = early anoxia; LA = late anoxia; ER = early recovery; LR = late
recovery. See Figure 2.1 for sampling times that correspond to these samples.
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Figure 2.7. Distribution of the types of sncRNAs identified in embryos of A. limnaeus. (A) The outer
ring (colors) represents the percent of each annotation category for all sncRNAs identified in the
complete catalog (any stage and treatment) of A. limnaeus. The inner pie chart (gray scale)
represents the annotation location within the mitochondrial genome for mitosRNAs identified in the
complete A. limnaeus sncRNA catalog. (B) The outer ring (colors) represents sncRNAs that were
highly abundant after 24 h of anoxia in 4 dpd embryos (Fig. 2.3. cluster 4-2). The inner pie chart
(gray scale) represents the annotation location within the mitochondrial genome for mitosRNAs
present in this cluster. Note the enrichment of tRNA-derived sequences in the highly differentially
expressed cluster compared to their representation in the whole catalog.
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Table 2.1. Total number of reads for each developmental stage that contribute to the catalog of
sncRNAs for Austrofundulus limnaeus.
Stage
D2
4 dpd
12 dpd
20 dpd

Raw Reads
280,731,104
280,160,813
224,773,200
300,226,485

Trimmed Reads
226,858108
208,773,716
140,786,180
214,093,118
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Length Filtered
Reads
167,944,096
159,493,842
122,722,291
186,984,753

Annotated
Reads
109,525,916
124,875,018
98,305,042
130,533,583

Catalog of
Unique
sncRNAs
413,534
565,883
411,782
346,533

Table 2.2. Sequences shared with D2 embryos that are present in the top 100 most abundant
sequences in each post-D2 stage.
Sequence
ACCCTGTAGAACCGAATTTGC
ACCCTGTAGAACCGAATTTGT
TACCCTGTAGAACCGAATTTG
TACCCTGTAGAACCGAATTTGC
TACCCTGTAGAACCGAATTTGT
TACCCTGTAGAACCGAATGTG
TACCCTGTAGAACCGAATGTGT
AACATTCAACGCTGTCGGTGA
TATTGCACTTGTCCCGGCCTGTA
TATTGCACTTGTCCCGGCCTGT
TATTGCACTTGTCCCGGCCTG
ACCCTGTAGAACCGAATTTG
ACCCTGTAGAACCGAATGTGT
AAGCTGCCAGCTGAAGAACT
CAAGTGCTACACGTTGGGGTG
CAAGTGCTACACGTTGGGGTGA
TTTGGCAATGGTAGAACTCAC
AACATTCAACGCTGTCGGTG

Annotation
mir-10b
mir-10b
mir-10b
mir-10b
mir-10b
mir-10d
mir-10d
mir-181a
mir-92a-1
mir-92a-1/a-2
mir-92a-1/a-2
mir-10b
mir-10d
mir-22a
unknown
unknown
mir-182
mir-181a-1/a-2

Function
S
S
S
S
S
S
S
S,H,IP
S,H,IP
S,H,IP
S,H,IP
S
S
S,H
unknown
unknown
IP
S, H, IP

D2
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

4 dpd
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

12 dpd
X
X
X
X
X
X
X
X
X
X
X

S = stress responsive; H = hypoxia responsive; IP = ischemic preconditioning responsive
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20 dpd
X
X
X
X
X
X
X
X
X
X
X

X
X

Table 2.3. Recovery-responsive sncRNAs in 4 dpd embryos annotate to miRNAs known to regulate
reactive oxygen species physiology.
Sequence
AGGATATCATCTTATACTGTAA
AGGCGGAGACTTGAGCAATT
AGGCGGAGACTTGAGCAATTG
ATCACATTGCCAGGGATTA
ATCACATTGCCAGGGATTAC
ATTGCACTTGTCTCGGTCT
CATTGCACTTGTCTCGG
CATTGCACTTGTCTCGGT
CATTGCACTTGTCTCGGTC
CATTGCACTTGTCTCGGTCT
GGATATCATCTTATACTGTAA
TAACACTGTCTGGTAACGA
TAACACTGTCTGGTAACGAT
TAGGTAGTTTCATGTTGTTG
TGAGAACTGAATTCCATAGAT
TTAATGCTAATCGTGATAGGG
TTGCATAGTCACAAAAGTGA

Annotation
mir-144
mir-25
mir-25
mir-23b
mir-23b
mir-25
mir-25
mir-25
mir-25
mir-25
mir-144
mir-200a
mir-200a
mir-196
mir-146a
mir-155
mir-153

Function documented in literature
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
regulate generation of ROS2
affect ROS levels in cancer cells3
affect ROS levels in cancer cells3
regulate Nrf2 and related regulatory proteins2
regulate generation of ROS2
regulate Nrf2 and related regulatory proteins2
regulate Nrf2 and related regulatory proteins2

1. Differential expression cluster as presented in Figure 2.3.
2. Cheng et al., 2013
3. He and Jiang, 2016
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Cluster1
4-5
4-5
4-5
4-1
4-5
4-5
4-5
4-1
4-5
4-5
4-5
4-5
4-5
4-3
4-3
4-5
4-3

Table 2.4. Preconditioning-responsive sncRNAs annotate to known stress-responsive miRNAs in 12
dpd embryos. See Supplemental Table 2.2 for more information.
miRNA
class
mir-16

Function in
literature1
stress (12, 95, 105,
109), hypoxia (54)

A. limnaeus Sequence
AGCAGCACGTAAATATTGGAG
AGCAGCACGTAAATATTGGCG

Annotation
mir-16b
mir-16-1/2

AGCAGCACGTAAATATTGGC (Fig 2.5K)

mir-16-1/2

mir-18

AAGGTGCATCTAGTGTAGTTG

mir-18

stress (16, 42, 109)

mir-22

AGCTGCCAGCTGAAGAACTG
AGCTGCCAGCTGAAGAACTGT
AGCTGCCAGCTGAAGAACT

mir-22a
mir-22a
mir-22a

stress (23, 42, 109),
hypoxia (4)

mir-222

GCTCAGTAGTCAGTGTAGATCC

mir-222a

stress (22, 106, 109)

mir-26

TCAAGTAATCCAGGATAGGCTT
TCAAGTAATCCAGGATAGGCT
TCAAGTAATCCAGGATAGGTT
TCACAGTGGCTAAGTTCTGCA
TCACAGTGGCTAAGTTCTGC
TCACAGTGGCTAAGTTCTG
TCACAGTGGTTAAGTTCTGCC
TCACAGTGGTTAAGTTCTGC
TCACAGTGGTTAAGTTCTG
TCACAGTGGCTAAGTTCAGT
GTAAACATCCTACACTCAGCT
GTAAACATCCTACACTCTCAGCT
GTAAACATCCTACACTCTCAGC
GTAAACATCCCCGACTGGAAGCT
GTAAACATCCCCGACTGGAAGC
GTAAACACCCTACACTCTCGGC
CCACAGGGTAGAACCACGGAC

mir-26a-1/3
mir-26a-1/2
mir-26b
mir-27b
mir-27b
mir-27b
mir-27c
mir-27c-1/2
mir-27c-1/2
mir-27e
mir-30b
mir-30c-2/1
mir-30c-2/1
mir-30d
mir-30d
mir-30f
mir-140

stress (7, 95),
hypoxia (54)

mir-183

GAGATGAAGCACTGTAGCTC
GAGATGAAGCACTGTAGCT
TTGCATAGTCACAAAAGTG
CCATCGACCGTTGATTGT
CCATCGACCGTTGACTGTACC
ACCATCGACCGTTGATTGT (Fig 2.5J)
ACCATCGACCGTTGACTGT
ACATTCAACGCTGTCGGTGAGT
ACATTCAACGCTGTCGGTGAG
ACATTCAACGCTGTCGGTGA
TGGCACTGGTAGAATTCACTGT

mir-143
mir-143
mir-153
mir-181a-1
mir-181a-2
mir-181a-1
mir-181a-1
mir-181a-2/1
mir-181a-2/1
mir-181a-2/1
mir-183

mir-199

CCAGTGTTCAGACTACCTGTTC

mir-199b-2

mir-204

TCCCTTTGTCATCCTATGCCT

mir-204

mir-222

GCTCAGTAGTCAGTGTAGATCC

mir-222a

mir-429

AATACTGTCTGGTAATGCCGT

mir-429

mir-455

ATGTGCCCTTGGACTACATCG

mir-455-1

mir-27

mir-30

mir-140
mir-143
mir-153
mir-181
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stress (7, 95, 109),
hypoxia (54),
preconditioning (28)

stress conditions
freezing (frog),
hibernation
(marsupial), anoxia
(turtle),
dehydration
hibernation (bat,
marsupial)
hibernation
(marsupial),
aestivation (sea
cucumber),
hibernation (bat)
hibernation
(ground squirrel,
bat), aestivation
(sea cucumber)
hibernation
(marsupial),
freezing (frog)
hibernation
(marsupial, bat),
freezing (frog)

stress (7, 64),
hypoxia (54),
preconditioning (28)

freezing (frog),
dehydration (frog)

stress (7), hypoxia
(18), preconditioning
(28)
stress (106)

freezing (frog)

preconditioning (28)
stress (7, 16, 64, 95),
hypoxia (54),
preconditioning (28)

stress (16),
preconditioning (60)
stress (7), hypoxia
(18), preconditioning
(108)
hypoxia (27),
preconditioning (28)
stress (22, 106, 109)

hypoxia (54),
preconditioning (60)
Stress (7, 109)

hibernation
(ground squirrel)
hibernation
(marsupial),
dehydration (frog),
freezing (frog)

hibernation (bat)
freezing (frog)

hibernation
(ground squirrel,
bat), aestivation
(sea cucumber)
freezing (frog),
hibernation (bat)

Chapter 3:
sncRNA in Extremely Anoxia Tolerant Vertebrates
INTRODUCTION
Only a few species of vertebrates from diverse lineages have evolved
tolerance of extended periods of time without oxygen (anoxia) 3. Comparing how
the few anoxia-tolerant vertebrate species survive in habitats with dynamic oxygen
availability provides insight into the evolution of anoxia tolerance, and may uncover
unique cellular and genetic mechanisms supporting this rare biology. A canonical
component of surviving anoxia is profound metabolic depression; quickly lowering
the ATP demand of the organism to meet the decreased supply of ATP under anoxia
is critical to surviving long periods without oxygen. Identifying the mechanisms
used by animals to coordinate physiological changes associated with entry into and
exit out of hypometabolism is pivotal to understanding extreme anoxia tolerance. A
recent surge in small non-coding RNA (sncRNA) research has revealed that sncRNAs
are intricately involved in cell and organismal biology 1. Known gene-regulatory
functions in a myriad of physiological responses including metabolism,
development, stress-response, and normal brain function, make sncRNAs
interesting potential coordinators of metabolic depression and survival of anoxia.
The high level of conservation of sncRNA sequence and function across taxa also
makes them compelling targets for potentially identifying conserved mechanisms of
anoxia tolerance among vertebrates. Here we conduct the first study of its kind
comparing the identity and expression patterns of sncRNAs in the most anoxiatolerant vertebrates known.
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Both the independent evolution of anoxia tolerance and the range of
tolerance levels exhibited throughout the vertebrata provide a unique opportunity
for comparative study. Among vertebrates, a few members of the poikilothermic
classes (fish, amphibians, and reptiles) have evolved extreme anoxia tolerance,
while other poikilothermic and homeothermic vertebrates are generally highly
anoxia-sensitive. We chose the most anoxia-tolerant representatives of the
cartilaginous fishes, bony fishes, amphibians and reptiles for this study (Table 3.1).
The epaulette shark Hemiscyllium ocellatum, which inhabits the Great Barrier Reef
of Australia, is possibly the most hypoxia tolerant cartilaginous fish 33, yet also
displays intermediate levels of anoxia tolerance. Exposed to cyclic changes in
oxygen levels, H. ocellatum survive repeated bouts of hypoxia and even brief periods
of anoxia, approximately 1-3 hours, depending on temperature, before losing their
righting reflex 38,39,130. Adult crucian carp Carassius carassius, a bony fish, are also
highly anoxia-tolerant. C. carassius inhabit small lakes in northern Europe, where
adults frequently experience and survive months of anoxia while overwintering
under the ice at temperatures close to 0˚C 33. The western painted turtle, Chrysemys
picta bellii, is the most anoxia-tolerant tetrapod 111. C. picta bellii overwinters in icecovered ponds and streams in the northern U.S. and southern Canada in water or
mud with little to no oxygen 34. In the lab, western painted turtles survive over four
months without oxygen at 3˚C 131,132. The leopard frog Rana Pipens is one of the most
anoxia-tolerant amphibians, but is only moderately anoxia tolerant. Like the
western painted turtle, the leopard frog also overwinters under ice, where they
withstand anoxia for several days 3. At 25˚C, leopard frogs survive only 4-5 hours
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without oxygen 35,36. Since the leopard frog and the epaulette shark are less anoxia
tolerant than the carp and turtle, they represent intermediates on the spectrum
between highly anoxia-tolerant and anoxia-sensitive species 3. While the habitats
and physiology of each species vary, all of the organisms under consideration
employ profound metabolic depression in order to survive anoxia 33,37,133, and
therefore, may employ similar mechanisms at the cellular and genetic levels, such as
with sncRNAs.
sncRNAs are short (<200 nucleotides) single-stranded RNAs that do not
typically code for protein products, yet retain the ability to substantially influence
gene expression and cell physiology. Some classes of sncRNAs are degradation
products of longer RNAs 16, which may make them particularly suited for rapid
employment in the cell. microRNAs (miRNAs), the most thoroughly studied class of
sncRNAs, are ubiquitous in the cell, regulate a large portion of the genome 13, and
are highly conserved in sequence and function across taxa 14. miRNAs can alter gene
expression precisely and rapidly by complementarily binding to target mRNAs 14.
miRNAs are globally stable, with half-lives ranging from 28 to 220 hours 22.
Constitutive expression is important to maintain normal cell and organismal
function such as metabolism, development and regulation of gene expression 55,134.
In the brain a diversity of miRNAs are involved in normal brain development, as
well as function, including neuronal plasticity and synapses 135,136.
Exposure to stress induces changes in miRNA expression in stress-tolerant
and stress-sensitive organisms, alike. miRNAs are differentially expressed in mouse
and mammalian models in response to hypoxia, ischemia (occlusion of blood flow,
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leading to tissue hypoxia or anoxia) 50,73,74, as well as ischemic preconditioning
(brief non-lethal exposure to ischemia that extends the organism’s survival under a
subsequent exposure) 76. Other non-miRNA sncRNAs are also rapidly being
discovered, many of which also regulate gene expression. An extensive study has
recently characterized sncRNA expression patterns in anoxia-tolerant embryos of
the annual killifish A. limnaeus 40. Known and novel stress-responsive sequences
respond to exposure to anoxia and aerobic recovery in anoxia-tolerant annual
killifish embryos. In highly anoxia-tolerant and metabolically active embryonic
stages, exposure to anoxia induced differential expression of mitosRNAs, a new class
of sncRNAs derived from the mitochondrial genome 40.
The aim of this study is to characterize the sncRNAs present under normoxia
and in response to anoxia and recovery in the brain tissue of the most anoxiatolerant vertebrates. Since the brain is one of the most anoxia-sensitive vertebrate
organs and has a highly conserved function across taxa, we reasoned that studying
this tissue could reveal important conserved sncRNA expression patterns. We
hypothesized that all species would share a common sncRNA response to anoxia
that represents shared molecular pathways that must be regulated in a similar
manner across all species. We also hypothesized that mitosRNAs identified in the
anoxia-tolerant embryos of the annual killifish would be identified in the other
anoxia-tolerant vertebrates and exhibit similar changes in expression in response to
anoxia and recovery.

METHODS
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Animal collection/capture and husbandry

Epaulette shark. Epaulette shark brain tissue samples used in this study were
collected for a prior study 39. Since collection, tissue samples were stored at -80˚C.
Briefly, sharks were caught by hand at the Great Barrier Reef on the Heron Island
Research Station and transported in mesh bags to holding tanks where they were
maintained under natural winter conditions. The sharks were not fed prior to
experiments. The research was conducted under the Great Barrier Reef Marine
Parks Authority permits G07/24973.1 and G07/ 23338.1.

Crucian carp. The crucian carp sampled for the current experiment (28.8 ± 10.6 g (±
s.d.), N=27) were obtained from Tjernsrud pond, Oslo, Norway, in November 2014,
and kept in a 750 L holding tank in the aquarium facilities at the Department of
Biosciences, University of Oslo. The holding tanks were supplied with aerated and
de-chlorinated Oslo city tap water at 6-9°C, and subjected to a 12L:12D light cycle.
The fish were fed every day with commercial carp food, but food was withheld 24 h
prior to any experiments. Experiments were approved by the Norwegian Animal
Research Authority (approval no. 8400).

Leopard frog. Experiments were conducted on the leopard frog Rana pipiens,
obtained from a commercial supplier (Charles D. Sullivan Co. Inc., Nashville, TN,
USA). Animals weighed 30 - 55 g and were not sexed. Frogs were maintained in
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plastic pens with constant access to fresh water at 25˚C, a 12L:12D light cycle, and
daily feeding of live crickets until 5 days prior to conducting experiments. Animal
husbandry and experimental procedures were approved by the Florida Atlantic
University Institutional Animal Care and Use Committee (IACUC protocol number
A15-11).

Western painted turtle. Western painted turtles Chrysemys picta bellii (N = 15, mass
= 228 ± 17 g) of both sexes were purchased from Niles Biologicals (Sacramento, CA,
USA) and held at 20 - 23°C in large, fiberglass tanks (183 x 91 x 45 cm, L x W x H)
with partially dechlorinated St. Louis, MO municipal tap water and basking access to
broad spectrum lamps (ZooMed 5.0) and a heat source (60W incandescent bulbs)
under a weekly-updated natural photoperiod. They were fed 3x/week with
commercially-available turtle feed (Tetra ReptoMin) until used in experiments
carried out in November-January. All procedures involving the turtles were in strict
accordance with the recommendations in the Guide for the Care and Use of
Laboratory animals of the National Institutes of Health. All animal husbandry and
experimental protocols were approved by the Saint Louis University Institutional
Care and Use of Animals Committee (IACUC, protocol number 2198).

Experimental Design and Sampling

All species were sampled as adults. Animals were sampled prior to, during,
and following exposure to anoxia. Where possible, sampling was conducted at
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ecologically relevant temperatures and animals were exposed to anoxia for
biologically relevant lengths of time (Table 3.1). N=4 for sncRNA samples for each
treatment group of each species.

Epaulette Shark. Upon collection, animals were held in 65-l glass tanks, 1 animal per
aquaria, at ambient temperature with compressed nitrogen gas bubbled into the
water to create an anoxic environment 39. Brain tissue samples from the previous
study 39 for the following treatments were included in this study (N = 4 per
treatment): A1 + A2 (anoxia till loss of righting + 24 h normoxic recovery + 50 min
anoxia); C1 + 2 h (2 h in hold tank); A1 + 2h (anoxia until loss of righting reflex + 2 h
normoxic recovery) 39. At the appropriate sampling times, animals were euthanized
with an overdose of benzocaine (~80 – 100 mg/l). Within 4 min of euthanasia, half
of the cerebellum was quickly dissected out and flash frozen in liquid nitrogen 39.
Samples were stored at -80˚C until further processing. Samples were shipped
overnight on dry ice to Portland State University for RNA extraction.

Crucian carp. Sampling was conducted in May 2015. Two identical cylindrical dark
tanks (25 l) were equipped with a flow-through of water and air bubbling, one tank
serving as the normoxic control tank and the other as the anoxia/re-oxygenation
tank 137. Twenty-five fish were acclimated in each tank without feeding for
approximately 24 h prior to experiments. Not all 25 fish from the normoxic tank
were sampled, but having the same number of fish in each tank made the
environment equal for the two groups, except for the oxygen level. Food was
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withheld during the exposure. Oxygen saturation and temperature were monitored
daily using an Oxi3310 oxygen meter (WTW, Weilheim, Germany). The normoxic
tank remained above 95% of air saturation for the entire exposure period. In the
anoxic tank, oxygen levels were maintained below the detection limit of the oxygen
meter (0.1 mg L-1 or 1% air of saturation) and were considered anoxic 138.
Temperature for all tanks was 7°C throughout the experiment. To obtain the anoxic
water, nitrogen gas (AGA A/S, Oslo, Norway) was bubbled directly into the anoxic
tank. After the anoxic period, water flow was restored in both tanks, and nitrogen
bubbling was replaced with air bubbling, thus resulting in complete re-oxygenation
of the water. The normoxic control group and the anoxia group were sampled after
6 d (N6 and A6, respectively). The remaining groups were sampled after 6 d of
anoxia plus 1 d of re-oxygenation (A6R1) and 6 d of re-oxygenation (A6R6). At each
sampling point, the fish were given a sharp blow to the head, followed by
subsequent cutting of the spinal cord just behind the operculum covering the gills.
The fish were kept in a vertical orientation to avoid blood flow to the head.
Dissection proceeded by opening the cranium from the top and removing the brain
as one piece. The brain tissues were immediately placed in RNAlaterTM (Ambion Inc.,
Austin, Texas) and frozen at -20°C for storage until shipping to Portland State
University for RNA extraction.

Leopard frog. The following exposures and sampling were conducted at Florida
Atlantic University, with previously established methods 37. All sampling was
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conducted at room temperature (25 ± 1˚C). Control animals were removed from the
holding tank and sampled. Frogs were held in a sealed, humidified polyethylene
chamber under positive-flow nitrogen for 1 h for the anoxic exposure. Recovery
animals were removed from the chamber after 1 h and allowed to recover under
aerobic conditions for 1 h. N=4 for each treatment group, except for the recovery
where only 3 individuals survived the treatment. At each sampling time, animals
were quickly decapitated. The brain was dissected out in less than 1 min and
immediately flash frozen in liquid nitrogen. Samples were stored at -80˚C until
shipping on dry ice to Portland State University for further processing.

Western painted turtle. All 15 of the turtles were transferred to a black aquarium (60
x 34 x 46 cm, L x W x H) filled half-way with 20°C water, after which it was sealed
with a lid that included a small glass window to permit photoperiod maintenance
(8L:16D). The aquarium was also outfitted with bubbling stones on its bottom for
either aeration during normoxia or nitrogenation during anoxia exposure. After one
day at 20°C, the water temperature was decreased by 3°C, and then by 2°C/d
afterwards for seven days until the turtles were finally at the experimental
temperature of 3°C.
After 8 weeks of acclimation at 3°C, the lid was removed, the control turtles
(N=5) were sampled (see below for details) and water (3°C) added so that only a 510 cm air space existed between the water surface and the lip of the aquarium. A
plastic grate was fixed 2 cm below the surface of the water to prevent the turtles
from accessing this airspace, after which the air pump aerating the water was
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replaced with a nitrogen gas cylinder and the aquarium resealed with the lid. The
nitrogen gas bubbling displaced all measurable dissolved oxygen in the system
within 1 h (YSI DO200 oxygen meter, YSI Inc., Yellow Springs, Ohio). Turtles were
maintained under these anoxic conditions for seven days, after which the lid was
removed and five additional turtles were sampled (see details below). The nitrogen
cylinder was then replaced with the air pump and the water level decreased back to
50%, permitting the remaining turtles (N=5) to recover by breathing fresh air for
the next 7 d before they were finally sampled.
All tissues collection involved aseptic tools in a 3°C cold room. For control
and recovery treatments, turtles were removed from the experimental chamber and
their necks were clamped followed by immediate decapitation using a guillotine. For
anoxic animals, necks were clamped underwater to prevent inhalation of air prior to
sampling. The brain was removed from the skull and transferred to sterile
aluminum foil for further isolation of the telencephalon, which was dissected free of
all white matter and dura, separated into hemispheres, and flash-frozen using
clamps pre-cooled in liquid nitrogen. This entire sampling procedure was completed
within 2-5 min/turtle. Samples were stored at -80°C until shipping overnight on dry
ice to Portland State University for subsequent RNA extractions. Immediately after
the brain dissection, and with the turtle’s neck still clamped, blood was collected for
gas and metabolite analysis (Supplementary methods and Table S3.1).

Choosing samples for sequencing

60

In order to balance mass and sex ratios across the treatment groups, equal numbers
(where possible) of males and females were chosen from among the available
samples, for n=4. Final distribution of sexes and range of masses did not differ
significantly by group. See Table S3.2 for sample metadata. Normal distribution of
mass in turtle and carp samples did not differ significantly by group (Shapiro-Wilks,
turtle: p = 0.1349; carp: p = 0.525). The Kruskal-Wallis test confirmed that there
were no differences in sex ratios among the groups (turtle - p = 0.7303; carp: p = 1).
All sharks used in the study were male. Distribution of body mass and length did not
differ by treatment group, (Kruskal-Wallis, p=0.2319 and p=0.3397, respectively).
Frogs were not sexed, but none were obviously female; no eggs were found upon
dissection. Mass was not collected for each frog, so no analysis of distribution was
performed.

RNA extraction
RNA was extracted from brain tissue according to the TRIzol ™ reagent (Invitrogen
Inc., Carlsbad, California) manufacturer’s protocol. Tissue samples were quickly
weighed and transferred to a tube containing TRIzol ™ for immediate
homogenization. Homogenates were phase separated with chloroform, and RNA
was precipitated from the aqueous phase by overnight incubation in a high-salt
solution. Total RNA for each sample was concentrated and resuspended in 1 mM
sodium citrate (pH = 6.4). RNA concentration and purity were determined by
measuring absorbance at 260 and 280 nm and calculating the A260/A280 ratio, using
an Infinite Pro M200 plate reader equipped with a NanoQuant plate (Tecan, San
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Jose, CA, USA). To assess RNA integrity, RNA was run on a 2% agarose gel, stained
with ethidium bromide and visually inspected for distinct bands representing 18S
and 28S rRNA subunits. The mean A260/A280 ratio was 2.17 ± 0.026 (S.D.). All
samples used to prepare sequencing libraries were high quality RNA samples with
A260/A280 ratios ranging from 2.06 to 2.22 and distinct bands for the 18S and 28S
rRNA ribosomal subunits present (Table S3.2). Total RNA was stored at -80˚C until
small RNA cDNA library preparation.

sncRNA sample preparation and sequencing
Small RNA cDNA libraries for each individual library were prepared using the
TruSeq® Small RNA sequencing kit (Illumina, Inc. San Diego, CA) as previously
described 40. Briefly, 1 µg total RNA was used as input for the kit. Small RNAs were
adapter-ligated, reverse transcribed and amplified by PCR to generate cDNA
libraries, which were purified and size separated on a 6% polyacrylamide gel. Small
RNAs, 22-30 nucleotides in length, were excised from the gel, precipitated in
ethanol, and resuspended in 10 mM Tris-HCl (pH = 8.5) and stored at -20˚C. Small
RNA library validation and sequencing was conducted at the Oregon Health and
Sciences University Massively Parallel Sequencing Shared Resource (OHSU MPSSR).
Quality was assessed by running samples on an Agilent Technologies 2100
Bioanalyzer using a DNA-1000 chip, and libraries were quantified by real time qPCR
prior to cluster generation. Samples were sequenced on an Illumina HiSeq 2000
using single end sequencing for 36 or 50 cycles (Table S3.2), depending on other
samples available to run at the time. Samples were multiplexed 12 per flow cell lane,
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each with a unique index to allow for computational demultiplexing after
sequencing. Biological replicates and samples from the same species were
distributed across flow cell lanes to eliminate any effect of lane-bias. Bcl2fastq2
version 2.1.17.1.14 was used to initially process the data and generate fasta files for
analysis.

Data repository
Raw sequence files have been deposited in NCBI Sequence Read Archive (SRA)
under the following Bioproject IDs: A. limnaeus-PRJNA272154, C. picta belliiPRJNA375813, H. ocellatum- PRJNA375814, C. carassius- PRJNA375815, R. pipiensPRJNA375816.

sncRNA sequence processing and analysis
Small RNA sequences were trimmed to remove adapters and low quality
reads (phred score <30), using Trimmomatic (version 0.33)97. Reads 15-27
nucleotides long were retained for analysis to capture canonical miRNAs as well as
other known and novel classes of sncRNAs. Where available, sequences were
annotated against the genome of the species sampled, or closely related species in
the case of the crucian carp: Austrofundulus limnaeus (Austrofundulus_limnaeus-1.0
GCF_001266775.1 and the Austrofundulus limnaeus mitochondrial genome 98),
common carp Cyprinus carpio (GCA_000951615.1), and Chrysemys picta bellii
(GCA_000241765.2 Chrysemys_picta_bellii-3.0.3) using CLC Genomics Workbench
(version 6.5; CLC bio, Arhus, Denmark). Sequences that aligned with 0 mismatches
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to their species’ genome were retained for further analysis. Sequences longer than
27 nucleotides were removed. Within each species sncRNA expression values were
normalized for library size to account for differences in sampling depth, or coverage,
of a library and to produce expression values on a common scale so that
comparisons could be made between treatments. Library size factors were
determined and applied with the R Bioconductor package DESeq2, according to the
established methods 104. In brief, size factors, representing sampling depth of a
library, were determined for each library (corresponding to one replicate).
Expression values of sncRNAs were then divided by the size factor of its library,
putting libraries of different samples on a common scale. Within each species,
sncRNA sequences whose normalized expression values (counts adjusted for library
size) across all samples (all treatments and replicates) summed greater than 4 were
established as the catalog of sncRNAs for that species and retained for subsequent
analysis. A minimum normalized count of 4 across all samples within a species was
chosen since each treatment within a species is comprised of 4 replicates, ensuring
that at the minimum the sequence would have an average normalized count of 1 in
each replicate of a treatment to be included in the catalog. This filtering was
performed in order to reduce the high abundance of lowly expressed reads from the
dataset. After filtering on expression, resulting catalogs were annotated to known
sncRNAs documented in miRBase v.19 100, RFAM (version 12.1) 101, and the
available mitochondrial genomes. Where available, mitochondrial genomes of the
target species were used: C. carassius (NC_006291.1) and C. picta bellii 139
(NC_023890.1). For R. pipiens and H. ocellatum mitochondrial genomes of the closest
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related species available were used, R. catesbeiana 140 (NC_0222696.1) and
Chiloscyllium griseum (NC_017882.1), respectively. Annotations were conducted in
CLC Genomics Workbench (version 6.5; CLC bio, Arhus, Denmark), allowing for up
to 2 mismatches, and 2 additional or missing bases up or downstream of the
annotating sequence. For complete lists of sequences identified in each species’
catalog, see Table S3.3. Description and analysis of differentially expressed sncRNA
sequences present in the catalog of each species was performed using R 103, version
3.2.1 (2015-06-18 – “World-Famous Astronaut”). Differential expression tests of
sncRNAs were performed across experimental treatments within each
species/stage using R Bioconductor package DESeq2 99. P-values were called using
the likelihood ratio test (LRT) with independent filtering 104 on to remove remaining
low count sequences. P-values were adjusted with the Benjamini-Hochberg multiple
comparisons adjustment with a FDR of 10%. Differentially expressed sequences in
response to anoxia and recovery within each species were identified based on the
following criteria: padj < 0.05; log2 fold change > 1 or < -1; base mean > 25
normalized counts across all samples. Within each species, fold-change was
calculated relative to normoxic expression values for analysis of differential
expression in response to anoxia and recovery from anoxia. See Table S3.4 for a
complete list of differentially expressed sequences and their annotation
information.
Within each species, highly differentially expressed sncRNAs of interest were
clustered by expression pattern with Cluster 3.0 105 for heat-map generation. Data
were log transformed and organized into clusters based on k-means, using the
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Euclidean distance similarity metric for 100 runs. Clustered expression patterns
were viewed as a heat-map using Prism (version 7; GraphPad Software Inc., La Jolla,
CA).
Literature Search. To compare microRNAs to known stress/hypometabolism,
ischemia/hypoxia, and ischemic-preconditioning (IP)-responsive miRNAs in the
literature we referenced a database of miRNAs known to respond to these
conditions 40.
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RESULTS
Total RNA levels are stabilized during anoxia
Total RNA was extracted and used to isolate sncRNAs from the brain tissue of
each anoxia-tolerant vertebrate. Total RNA per mg brain tissue did not differ in
response to anoxia and recovery in any species (Fig. S3.1), indicating an overall
stabilization of RNA levels in response to anoxia for all species. Additionally, within
each species, a similar distribution of sequence lengths was represented. In each
species, the greatest number of unique sequences were 22 nucleotides in length,
indicating a predominance of microRNAs (Fig. S3.2).

Anoxia-tolerant vertebrates similarly express stress-responsive sncRNAs prior to
anoxia
In the brains of the anoxia-tolerant species studied, many abundant
sequences were shared under normoxic conditions prior to exposure to anoxia (Fig.
3.1A). The relative expression levels of these highly expressed sequences shared
between anoxia-tolerant species were positively correlated with the expression
levels of the turtle, one of the most anoxia-tolerant vertebrates represented (Fig.
3.2). Of the top 100 most abundant sequences in each species under normoxia, 29
identical sequences were highly expressed in brain tissue of all species studied: the
shark, carp, frog, and turtle (Fig. 3.1A; Table 3.2), while additional variants were
found in common among two or more species (Fig. 3.1A). Of these exact sequence
matches, 9 were also highly expressed under normoxia in embryos of the annual
killifish A. limnaeus, the most anoxia-tolerant vertebrate known (Table 3.2).
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Notably, many of the most abundant sequences identified under normoxia,
including those shared among species, are known stress-responsive miRNAs (Fig.
3.3A; Table 3.2). These miRNAs have been documented in the literature to increase
or decrease in abundance in response to hypometabolism, hypoxia, ischemicpreconditioning, and stroke 40. This pattern is also shared in embryos of A. limnaeus
(Fig. 3.3B), and some of these sequences, as mentioned above, overlap with those in
high expression in the other anoxia-tolerant vertebrates studied here. Of the
sequences shared between all 4 species and A. limnaeus embryos under normoxia,
most sequences have been documented in the literature responding to more than
one stressor (Table 3.2). Interestingly, however, many known stress-responsive
miRNAs (exact sequence matches and variants) are also highly expressed in
normoxic brains of anoxia-sensitive humans and rhesus macaques 136 (Fig. 3.3C).
Although expression profiles of sncRNAs were broadly similar under
normoxic conditions, it should also be noted that between 30 and 41 of the top 100
most abundant sequences for each species were uniquely abundant in that single
species. In each case, this number of unique sncRNAs exceeded the number shared
among all species studied, highlighting the diversity of the sncRNA transcriptome
across species.

The sncRNA response to anoxia varies by species and anoxia-tolerance level
In contrast to the normoxic sncRNA profiles, anoxia and recovery elicited
unique responses from the sncRNA transcriptome in each species (Fig 3.1B, Fig.
3.4). sncRNA response of each species to anoxia varied in number of sequences
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differentially expressed, direction of change in expression, and identity of the
sequences (Fig. 3.4).
No one sequence was differentially expressed among all anoxia-tolerant
species studied (Fig. 3.1B), and no more than 5 of the differentially expressed
sequences for any given species were shared with another species (Fig. 3.1B).
Interestingly, 5 identical sequences were differentially expressed in the crucian carp
and painted turtle, the most anoxia-tolerant representatives, but were not
differentially expressed in the moderately anoxia-tolerant species, the shark and the
frog (Fig 3.1B). The shark and the frog did, however, share 3 identical sequences
differentially expressed in response to anoxia and recovery (Fig. 3.1B). Of the 5
sequences differentially expressed in carp and turtle in response to anoxia and
recovery, 4 were variants of mir-182 (Fig. 3.5). The other sequence annotated to
mir-6497. In the carp, these mir-182 sequences increased in abundance during late
recovery, while in the turtle these same sequences increased in abundance during
anoxia and dropped in abundance during recovery (Fig. 3.5A). Of the sequences
differentially expressed in response to anoxia and recovery in the less anoxiatolerant species, the shark and the frog, none of these annotated to any known RNAs
(Fig. 3.5B). These sequences also differed in expression pattern, increasing in
abundance during anoxia in the shark and decreasing in abundance during anoxia
and recovery in the frog (Fig. 3.5B). Despite the common sequences identified in
highly and moderately anoxia tolerant vertebrates, their expression patterns varied
by species. Additionally, global expression patterns differed too.
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Sequences with increased and decreased abundance in response to anoxia
and recovery were represented in each species, however the proportion of
sequences up- and down-regulated differed by species (Fig. 3.4). The majority
(68.6%) of the sequences differentially expressed in the highly anoxia-tolerant carp
(Table 3.1) increased in abundance in response to anoxia and recovery (Fig. 3.4,
Table S3.4), with many sequences displaying their highest expression at the latest
recovery point (Fig. 3.4). In the shark, 59% of the differentially expressed sncRNAs
increased in expression during anoxia or recovery. The turtle also displayed some
sncRNAs that responded to recovery, however few of these were identified in the
shark and frog, the least anoxia-tolerant species of the study (Fig. 3.4). In the frog
87% of the sncRNAs decreased in abundance during anoxia and/or recovery (Fig.
3.4). In the shark, many sequences were highly abundant during recovery.
The identity of differentially expressed sncRNAs varied among the species
studied. In the crucian carp, 12.5 % of the differentially expressed sequences
annotated to variants of miRNA-10, while in the western painted turtle, 10.5% of the
differentially expressed sequences annotated to miR-182, including sequences
shared between the carp and the turtle, and another 10.5% annotated to miR-183
(Fig. 3.4). In the moderately anoxia-tolerant shark and frog, the majority of the
differentially expressed sequences annotated to rRNA of other species or did not
match any known sequences documented in miRBase or RFAM. In sum, each
extremely anoxia-tolerant vertebrate had a distinct response at the sncRNA level to
exposure to anoxia and aerobic recovery.
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Anoxia-responsive mitochondria-derived sncRNAs
Putative mitochondria-derived sncRNAs (mitosRNAs) were identified in the
sncRNA catalog of each species (Fig. 3.6), and a few were highly differentially
expressed in response to anoxia (Fig. 3.7). The number of mitosRNAs differentially
expressed in each species was roughly proportional to the number of mitosRNAs
identified in the catalog. In other words, there was no enrichment of mitosRNAs in
the differentially expressed sncRNAs. In the turtle, two sequences derived from
mitochondrial 16S rRNA and one derived from an intergenic region of the
mitochondria decreased in expression during anoxia, and increased in abundance
during recovery (Fig. 3.7), and sequences derived from mitochondrial tRNAmethionine were abundant and constitutively expressed throughout exposure to
anoxia and recovery (Fig. 3.8). In the shark, 4 mitosRNAs were differentially
expressed in response to anoxia, 3 of which are derived from tRNAs, all of which
increased in abundance relative to control levels in response to anoxia (Fig. 3.7). In
the frog, two mitosRNAs decreased in abundance in response to anoxia: a mitosRNA
derived from 16s rRNA and a mitosRNA derived from tRNA-Phe (Fig. 3.7).

DISCUSSION
When evaluating the data presented here, it is important to consider some
methodological differences between the species being compared. First, the carp
brains were stored in RNAlater™ until RNA extraction, rather than being flashfrozen in liquid nitrogen, since the samples required international shipping. It is
possible that this sampling method contributes to the differences seen between the
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carp and the other anoxia-tolerant vertebrates. However, RNAlater has been shown
to adequately stabilize RNA for gene expression studies based on previous studies
141.

Further evidence that suggests these samples are comparable is the ability to

identify identical sequences in this and other species under normoxic and anoxic
conditions. It is highly unlikely that compromised samples would yield similar
patterns of expression under normoxia. Another methodological difference is in the
sampling exposure of the shark tissues. Sharks were exposed to anoxia until they
lost their righting reflex, allowed to recover for 24 hours, after which they were
exposed to anoxia for 50 more minutes. While this sampling should reveal sncRNAs
induced by anoxia, it is possible that the second bout of anoxia results in expression
changes of an additional set of sequences that was unaffected by the first exposure.
Because these samples are extremely difficult to obtain, this was the only option for
including a cartilaginous fish in this study. Finally, in two species whole brains were
sampled (carp and frog) while in the other two species only subregions of the brain
were sampled (shark and turtle). This was again a matter of practicality in obtaining
samples for the study.
Despite these differences in sampling methodologies, we are confident that
had there been a robust common response to anoxia in the sncRNA transcriptome
across all species, these differences are not likely to have completely prevented our
ability to identify possible unifying responses at least at the qualitative level. Thus,
while there are clearly limitations to what we can conclude from this work, we can
draw significant conclusions that inform us on the common and unique aspects of
sncRNA biology in anoxia tolerant vertebrates.
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When faced with an extreme environment such as anoxia, mechanisms for
survival may include the organism’s physiological state under normoxia that
predisposes them for tolerance, and an efficient and effective physiological response
to oxygen deprivation. In this study, all four species investigated share similar
sncRNA expression patterns during non-stressful conditions. It is unclear if these
basal expression patterns are associated with anoxia tolerance, because they are
shared with anoxia-sensitive species as well. However, each species responds to
anoxia uniquely in terms of the sncRNA sequences that are differentially expressed,
and the patterns of expression. Given the high degree of sequence and functional
conservation of many miRNAs across all vertebrates, it is surprising that there are
so few similarities in their responses to anoxia. Based on this evidence it is highly
likely that each lineage evolved anoxia tolerance independently, and with a unique
sncRNA response. Below we discuss the patterns of sncRNA expression observed in
terms of the unique biological context for anoxia tolerance in the species
investigated.

Common brain transcriptomes
Among the highly and moderately anoxia-tolerant vertebrates studied,
broadly similar sncRNA transcriptome profiles were identified. Many abundant
sequences were shared among species. Additionally, expression levels of these
abundant sequences correlated between all species. Interestingly, the majority of
the most highly expressed sequences annotated to known stress-responsive
miRNAs. This pattern was also found in anoxia tolerant embryos of A. limnaeus.
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However, many of the most abundant miRNAs in the brains of humans and rhesus
macaques, anoxia-sensitive species, also annotated to known stress-responsive
miRNAs. The fact that these miRNAs appear in brains of anoxia-tolerant and anoxiasensitive species alike makes it difficult to determine if these sequences are playing
a role in anoxia tolerance. Given that in the literature these sequences have been
identified to respond to stress, it seems surprising that they wouldn’t play some role
in anoxia tolerance here. One possibility is that these miRNAs function differently in
response to anoxia in the different species. Perhaps the response of these sequences
to anoxia varies with anoxia tolerance, such that in anoxia-sensitive species the
expression pattern is one of dysregulation that does not support anoxia-tolerance,
while in anoxia-tolerant species expression patterns support anoxia tolerance.
Detailed information is lacking on the expression of these sequences in anoxiasensitive species in response to anoxia, so it is currently not possible to distinguish
these differences. Since sncRNAs such as miRNAs typically act through the targeting
of mRNA sequences, it is also possible that each species has evolved a different
miRNA/mRNA pairing, and thus while the sncRNA response is unique, it actually
contributes to a common physiological response. While this is a possibility, it
appears to be an unlikely interpretation given the abundant evidence of
conservation of miRNA function across diverse species 14,55. Therefore, whether the
high expression and abundance of known stress-responsive miRNAs in these
anoxia-tolerant species contributes to their extreme anoxia tolerance or is simply a
characteristic of normoxic brain tissue cannot be determined presently. Further
comparative studies with anoxia-sensitive species, identification of their targets and
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their physiological function will be necessary to clarify the role of sncRNAs in
regulating a response to anoxia.

The sncRNA response to anoxia and recovery differs among anoxia-tolerant
vertebrates
In contrast to the sncRNA transcriptome under normoxia, no single sncRNA
was differentially expressed in all species in response to anoxia and recovery. This
suggests that there is not a conserved sncRNA response that supports extreme
anoxia tolerance in vertebrate brain tissue. This is somewhat surprising given the
extreme nature of the stress, and the wealth of information on the conserved
physiological mechanisms that support survival of anoxia, such as entry into a state
of hypometabolism. However, the level of anoxia tolerance, as well as the
physiological, behavioral, and ecological context for surviving anoxia differs among
the species studied. Distinct sncRNA mechanisms may support or reflect these
differences. Interestingly, there appears to be no master “anoxia tolerance miRNA”,
though the expression of some sequences was shared between organisms that
displayed similar levels of anoxia tolerance: the highly anoxia tolerant carp and
turtle, and the moderately anoxia tolerant shark and frog.

sncRNA responses in highly anoxia-tolerant vertebrates
The turtle and carp, the most highly anoxia tolerant adult vertebrates,
display common and distinct sncRNA responses to anoxia in the brain. Both species
depress their metabolism and reduce ATP use during anoxia, defending brain ATP
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levels and ionic gradients. However, while the turtle enters a profound metabolic
depression, about 90% reduction 142, the remains active, only reducing swimming
speed by about 50-70% 143. An anoxic goldfish, a close relation to the carp, only
depresses whole body metabolism by about 70% 144. The turtle and carp
differentially express 5 of the same sncRNAs in response to anoxia and recovery,
however the expression profiles are distinct between the two species. Of these 5
sequences, 4 are variants of mir-182 and the remaining sequence annotates to mir6497. mir-182 is documented in the literature to respond to preconditioning in the
mouse brain 76. In the carp, mir-182 expression increases over anoxia and
throughout recovery, a pattern that is consistent with a role during early recovery
from anoxia, or anoxic preconditioning. In the turtle, abundance levels increase
during anoxia but decrease dramatically during recovery suggesting a functional
role during the anoxic bout, and not during recovery which is consistent with
molecular data suggesting that turtles may be “constitutively preconditioned” and
therefore not lack a response to preconditioning 145,146. In embryos of the annual
killifish, some of these miR-182 variants were expressed at higher levels during
normoxia in metabolically active, anoxia tolerant embryos 40, but did not increase in
abundance in response to anoxia. Mir-6497 shows the same general pattern in the
carp and turtle as mir-182. The difference in expression pattern between the two
highly anoxia-tolerant species suggests that they may have evolved related, yet
distinct mechanisms for mir-182 and mir-6497’s involvement in anoxia tolerance.
Given the distinct physiology of the carp and turtle in response to anoxia, this
conclusion is perhaps not surprising.
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Though there are many differences at the level of the sncRNA sequence,
highly anoxia-tolerant vertebrates share some global sncRNA patterns. One
important difference between the carp and other species studied is the muted
magnitude of the sncRNA transcriptomic response relative to the other species.
Since the carp does not enter as profound of a state of metabolic depression
compared to the turtle 142 and A. limnaeus embryos 6,7,31, it is possible that less
dramatic changes in gene expression are necessary to support anoxia tolerance. The
carp also has a robust sncRNA response during recovery from anoxia compared to
the turtle. Since the carp is active when experiencing reoxygenation, it is possible
that the threat of transient production of reactive oxygen species (ROS) and
reperfusion injury is greater in this species compared to the turtle, that presumably
recovers much more slowly from anoxia. Thus, we predict that sncRNA are playing a
critical role in mediating survival during the transition out of anoxia, and avoiding
the damaging and possibly lethal effects of reperfusion injury in carp 3,147. Further
evidence that sncRNAs play an important role in preventing reperfusion injury
comes from studies in embryos of A. limnaeus 40. In the most anoxia tolerant and
metabolically active stage of A. limnaeus, 4 dpd, the majority of sncRNAs also
increase in abundance during recovery from anoxia. Some of these sequences have
been previously documented in the literature to play a role in regulating ROS
production and toxicity. Interestingly, the 4 dpd embryos, like the turtle, don’t
respond to preconditioning, further indicating that these sequences that are
abundant during recovery are involved in the transition from anoxia back to
normoxia, rather than in mounting a preconditioning response for future anoxic
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events. Additionally, large percentages of the differentially expressed sncRNAs in
the carp and turtle annotate to previously described miRNAs. miR-10, -182, and 183, account for many differentially expressed sequences in the carp (mir-10) and
turtle (mir-182 and mir-183). All of these miRNAs have been previously described
in the literature as preconditioning and hypoxia-responsive in other species 76, with
changes in abundance during or following exposure to hypoxia or preconditioning.
This overlap of differentially expressed miRNAs in the carp and turtle with known
preconditioning and hypoxia-responsive miRNAs in anoxia-sensitive species
suggests there could be some conserved cellular responses to anoxia and hypoxia at
the sncRNA level. However, more detailed studies are required to understand the
similarities and differences in function of these miRNAs in different species.

sncRNA responses in moderately anoxia-tolerant species
Of the species studied, the frog and the shark are the least anoxia-tolerant.
The frog is moderately anoxia-tolerant, surviving 4-5 hours at room temperature.
Though the frog is more tolerant than a mammal, research on the frog brain
indicates that its physiological response is more similar to a slow death, rather than
a robust survival response 37. Frog brain fails in the face of anoxia just like a
mammalian brain, with a steady loss of ATP that ultimately leads to neuronal
depolarization, it simply takes longer 35. As such, the frog can be thought of as the
species in this study that is most anoxia-sensitive and most similar to mammals. The
shark is also moderately anoxia tolerant, but it differs from the frog in that its anoxia
tolerance may be a byproduct of living in the cyclic hypoxic conditions of the Great
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Barrier Reef of Australia 39. As such, the shark may be continuously prepared for
hypoxia. Some physiological adaptations that aid survival of hypoxia also translate
to anoxia. So, while the shark is not highly tolerant, it may be in a very different
physiological state from the frog and represent pathways of a more tolerant species.
The sncRNA response of the frog generally suggests dysregulation or an
inability to mount a sncRNA response, as evidenced by the vast majority of the
differentially expressed sncRNAs decreasing in abundance during anoxia and
recovery from anoxia. In contrast, the shark does mount what appears to be an
active sncRNA response, with nearly equal number of sequences increasing and
decreasing. To illustrate this point, the frog and the shark differentially express
three of the same sequences in response to anoxia and recovery, but all of them
increase in abundance in the shark and decrease in the frog. Taken together, the
anoxia-induced expression in the shark may support anoxia tolerance, and the drop
in expression in the frog, like the majority of the differentially expressed frog
sncRNAs, may be representative of the frog’s inability to respond appropriately to
anoxia.
In both the shark and the frog, the majority of differentially expressed
sncRNAs did not annotate to any known RNAs. This is also true in the moderately
anoxia-tolerant 20 dpd embryo of A. limnaeus, where 35/65 differentially expressed
sncRNAs were of unknown annotation 40. Given the relatively recent advent of small
RNA sequencing, and its limited exploration in non-model organisms, it is
reasonable to identify many novel sequences. However, the higher proportion of
unknown sequences in less anoxia-tolerant species may indicate novel evolutionary
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pathways for supporting intermediate anoxia tolerance. Importantly, the
physiological response to anoxia of some of these species (such as the frog) may be
more similar to mammals, and thus investigation of these sequences may identify
novel targets for human therapeutics that can improve anoxia tolerance.

mitosRNAs
In embryos of the annual killifish A. limnaeus, sncRNAs derived from
mitochondria, mitosRNAs, are highly differentially expressed in response to anoxia,
and particularly increase in abundance during exposure to anoxia 40. While
mitosRNAs were identified in the sncRNA catalog of each species here, only a few
sequences were differentially expressed in the turtle, shark, and frog, and none in
the carp. Consistent with the overall patterns of expression discussed above, each
species has a unique pattern of mitosRNA expression. In the turtle and frog,
mitosRNAs were highest during normoxia and decreased in abundance during
anoxia. In the epaulette shark, the opposite was true, with sequence expression
increasing during anoxia. This pattern is most similar to the mitosRNAs of A.
limnaeus, the majority of which increase in abundance during anoxia.
Very little is known about the biology of mitosRNAs. However, this study and
the previous study on embryos of A. limnaeus suggest that tRNA-derived fragments
appear to be an important aspect of the mitochondrial sncRNA transcriptome. Vast
literature on nuclear-encoded tRNA-derived fragments 84 consistently shows
increased expression in response to stress. This stress-responsive pattern appears
to be conserved in mitochondrial tRNA fragments in embryos of A. limnaeus 40 and
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brain of the shark. However, data presented here suggest a diversity of patterns for
mitochondrially-derived tRNA fragments. In the frog, mitochondrial tRNAphenylalanine fragments decrease in response to anoxia, a pattern shared by
mitochondrial tRNA fragments in turtles. In the frog this may be a sign of
dysregulation, as discussed above, while in the turtle this decrease is more difficult
to interpret. Turtles have a high constitutive level of a mitosRNAs derived from
tRNA-methionine, however high constitutive expression of this sequence is absent
in the other species. The high constitutive expression of mitosRNA-tRNAmethionine is interesting, given that turtles are already predisposed to tolerate
anoxia. As speculated by Lutz and Nilsson 148 turtles may constitutively express
molecular mechanisms that predispose them to tolerate anoxia. Perhaps mitosRNAtRNA-methionine is one such component of these molecular mechanisms. Given the
diversity of mitosRNA sequence expression patterns, further experimentation is
necessary to determine the species-specific roles that these sncRNAs may play in
the regulation of anoxia tolerance.
In A. limnaeus embryos, the mitosRNA patterns are very compelling for
playing an important role in supporting anoxia tolerance. Many of these sequences
are highly differentially expressed in response to anoxia and recovery, and the
proportion of differentially expressed mitosRNAs is enriched compared to their
representation in the total sncRNA catalog 40. Therefore, the absence of a robust
signal in the other anoxia-tolerant vertebrates studied here is interesting. Though
there may be some similarity in mitosRNA’s role in anoxia tolerance among all the
vertebrate species studied, it is also possible that mitosRNAs may have uniquely
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evolved in A. limnaeus to support anoxia tolerance. However, the annual killifish
study was conducted on whole embryos, which are comprised of diverse tissues,
compared to the focus on brain tissue in the present study. It is also possible that
the distinct mitosRNA signature of the annual killifish is specific to embryonic
development. Furthermore, for the leopard frog and the epaulette shark,
mitochondrial genomes of closely related species were used to probe for putative
mitosRNAs since mitochondrial genomes of those species are not available which
somewhat weakens the analyses for those species. Further analysis of mitosRNAs in
other anoxia-tolerant vertebrates will be necessary to better understand the scope
of mitosRNAs in vertebrate anoxia tolerance and whether their role is unique to A.
limnaeus or conserved among anoxia-tolerant species. However, this area of
research appears to be particularly promising given that recent literature suggests
that mitochondrially-derived sncRNAs may influence mito-nuclear interactions 149.
Thus, mitosRNAs may play an important role in communication flow between the
oxygen sensing capabilities of the mitochondrion, and the coordination of a cellular
response to oxygen deprivation.

CONCLUSIONS
We have identified distinct sncRNAs and expression patterns supporting
extreme anoxia tolerance in major vertebrate lineages. Prior to anoxia exposure,
anoxia-tolerant vertebrates display similar constitutive sncRNA transcriptome
profiles. Interestingly, many of these shared highly expressed sequences that have
already been documented in the literature to respond to stress/hypometabolism,
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hypoxia, ischemic preconditioning, or stroke. It is unknown whether such normoxic
expression supports anoxia tolerance or is simply a part of the transcriptomic
profile of a normal brain, regardless of species and anoxia tolerance. The response
of sncRNA expression to anoxia and recovery differed remarkably between anoxia
tolerant species. Though many highly-expressed sequences were found in common
between different species under normoxic conditions, and sncRNA catalogs of each
species’ displayed similar distribution of types of sequences based on annotation, no
one sequence was differentially expressed in common among all anoxia-tolerant
vertebrate species upon anoxic exposure. However, common sequences were found
differentially expressed within the highly anoxia tolerant species and within the
moderately anoxia tolerant species. This supports the hypothesis that extreme
anoxia-tolerance evolved by divergent molecular mechanisms within distantly
related vertebrates, supported by distinct sncRNA expression patterns. However, it
is possible that some of these sncRNAs target the same mRNA and feed into the
same pathways in the cell. Therefore, further analysis and identification of the
targets and functions of the identified anoxia-responsive sncRNAs will be necessary
to fully understand the role of sncRNAs in the evolution of anoxia-tolerance.

83

Figure 3.1. Venn diagram of sncRNA sequences shared between species. (A) The top 100 sequences
most highly expressed at t=0 (normoxia) in brain tissue of each species. (B) sncRNAs that are
differentially expressed in response to anoxia and recovery within each species. Sequences with
100% nucleotide matches were considered shared.
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Figure 3.2. Correlation of abundance for the top 100 most abundant sequences in each species. Log10
normalized expression values of top 100 most abundant sncRNA sequences during normoxia are
positively correlated with expression values of identical sequences in turtle during normoxia. R2 =
0.4019, p < 0.0001.
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Figure 3.3. The majority of the top 100 most abundant sncRNA sequences annotate to known stressresponsive miRNAs in (A) Brain tissue of anoxia-tolerant vertebrates, (B) whole embryos of the
anoxia-tolerant annual killfish A. limnaeus 40, and (C) brain of anoxia-sensitive human and rhesus
macaques 136. Note: only top 40 miRNAs included for human and rhesus macaque study. Referenced
stress-responsive miRNAs from database in Riggs and Podrabsky 40.
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Figure 3.4. Heat maps of sncRNA differential expression in response to anoxia and recovery from
anoxia in each species studied. Highly differentially expressed sncRNAs (adjusted p-value < 0.05, fold
change > 2, and normalized mean expression across all samples > 25) were clustered within each
species. Within each species, expression on the heat map corresponds with exposure to anoxia
(middle column) and recovery (far right column). Log fold change expression values are set relative
to t=0 expression for each species (far left column). Yellow indicates an increase while blue a
decrease in transcript abundance. Grey indicates a missing value.
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Figure 3.5. Line graphs of shared highly differentially expressed sequences among (A) highly anoxia
tolerant species and (B) moderately anoxia tolerant species. Corresponds with Figure 3.1B.
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Figure 3.6. Distribution of the biotypes of sncRNAs identified in each species. The outer ring (colors)
depicts the percent of each annotation category for all sncRNAs identified in the complete catalog
(includes sncRNAs identified under each treatment) for the species. The inner pie chart (gray scale)
represents the annotation location within the mitochondrial genome for mitosRNAs identified in the
complete sncRNA catalog. (A) shark; (B) carp; (C) frog; (D) turtle.
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Figure 3.7. Line graphs of normalized expression patterns of each differentially expressed putative
mitosRNA identified within each species. No differentially expressed mitosRNAs were identified in
carp.
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Figure 3.8. Line graph displaying normalized expression of the 3 most abundant mitosRNAs in turtles
during normoxia. Each sequences is derived from mitochondrial tRNA-methionine. Line graph
displays constitutive expression of these sequences in turtles during normoxia, anoxia, and recovery.
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Table 3.1. Anoxia tolerance and sampling parameters for each species.
Anoxia
tolerance
level

Class

Highly anoxiatolerant

Reptilia

Highly anoxiatolerant

Osteichthyes

Moderately
anoxiatolerant

Amphibia

Moderately
anoxiatolerant

Chondrichthyes

Organism

Tissue
Sampled

Freshwater
turtles
Chrysemys
picta bellii
Crucian carp
Carassius
carassius

Telencephalon

Leopard frog
Rana pipens

Whole brain

Epaulette
shark
Hemiscyllium
ocellatum

Cerebellum

Whole brain

Sampling time
points (A=anoxia;
R=recovery)
A. Normoxia
B. 1 wk A
C. 1 wk A + 1 wk R

Samplin
g Temp.
˚C
3

A. Normoxia
B. 1wk A
C. 1wk A + 6 days
R
A. Normoxia
B. 1hr A
C. 1hr A + 1hr R

7

A. Normoxia
B. A + 24hr R + 50
min anoxia
C. A + 2hr R

Tolerance
at sampling
temp

5 months132

months150
25
4-5 hr 36
2.36 hr 39
16-18

*note: The epaulette shark samples available for this study are tissues saved from a previous study.
Epaulette shark were exposed to anoxia until they loss their righting reflexing, at which time they
were brought back to normoxic conditions. Sample ‘B’ is from 2 anoxic exposures, separated by 24
hours of recovery. There are no samples available from immediately after 1 anoxic episode, but
similar and important gene expression patterns are expected after the 2nd anoxic exposure.
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Table 3.2. Most abundant sncRNAs identified in brain tissue of all anoxia-tolerant vertebrates
studied. Annotation information, stress response documented in literature, and presence in most
abundant sncRNAs in anoxia tolerant A. limnaeus embryos are included for each sequence.
Sequence
Annotation
Known response in
Top 100 most
simplified
literature
abundant in A.
TGAGGTAGTAGGTTGTATAGTTT
limnaeus
embryos
Let-7
TGAGGTAGTAGGTTGTATAGTT
stress & hypoxia &
preconditioning & stroke- 12 dpd
TGAGGTAGTAGGTTGTATAGTT
embryos
responsive
TTCAAGTAATCCAGGATAGGC
TTCAAGTAATCCAGGATAGGCT
TGTAAACATCCCCGACTGGA

stress & hypoxia &
stroke-responsive

mir-26

stress & hypoxia &
preconditioning & strokeresponsive

mir-30

TGTAAACATCCCCGACTGGAAGCT
TATTGCACTCGTCCCGGCCT
TATTGCACTCGTCCCGGCCTC
TATTGCACTTGTCCCGGCCTGT
AACCCGTAGATCCGATCTTGTG

stress & hypoxia &
preconditioning & strokeresponsive

mir-92
mir-99

stress & preconditioning
& stroke-responsive
stress & strokeresponsive

AACCCGTAGATCCGAACTTG
AACCCGTAGATCCGAACTTGT

mir-100

AACCCGTAGATCCGAACTTGTG
TCCCTGAGACCCTAACTTGTG

stress & hypoxia &
stroke-responsive

mir-125

TCCCTGAGACCCTAACTTGTGA
CATTATTACTTTTGGTACGCG

mir-126

TCACAGTGAACCGGTCTCTTT

mir-128

TGAGATGAAGCACTGTAGCT

mir-143

hypoxia & stroke
responsive
stroke-responsive
stress & strokeresponsive
stress & hypoxia &
preconditioning & strokeresponsive

AACATTCAACGCTGTCGGTGA
AACATTCAACGCTGTCGGTGAG
AACATTCAACGCTGTCGGTGAGT

mir-181

4 dpd and 12
dpd embryos

12 dpd
embryos

4 dpd and 12
dpd embryos
4 dpd and 12
dpd embryos

AACATTCATTGCTGTCGGTGGG
TTCCCTTTGTCATCCTATGCCT
AGCTACATCTGGCTACTGGGTCTC

hypoxia &
preconditioning & stroke
responsive
stress & stroke-

mir-204
mir-222

responsive

TCTTTGGTTATCTAGCTGTAT
TCTTTGGTTATCTAGCTGTATG
TCTTTGGTTATCTAGCTGTATGA
TCTTTGGTTATCTAGCTGTATGA
TGAGGTAGTAGGTTGTATAGT

unknown
unknown
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4 dpd and 12
dpd embryos
4 dpd and 12
dpd embryos
4 dpd and 12
dpd embryos

Chapter 4:
Development and Characterization of Anoxia-Tolerant Cell Line, AL4, Derived
from the Annual Killifish Austrofundulus limnaeus
INTRODUCTION
Embryos of the Venezuelan annual killifish, Austrofundulus limnaeus, are the
most anoxia-tolerant vertebrates known 7. A. limnaeus inhabit ephemeral mud
puddles, and persist by producing drought and anoxia-tolerant embryos that can
enter into a state of metabolic depression termed diapause 23,24,32,91. Embryos
survive until the following rainy season when they hatch and develop into sexually
mature adults to complete the life cycle. The necessity of the embryos to survive the
dry season gave rise to an extremely stress-tolerant species, capable of tolerating
prolonged periods of anoxia 32, desiccation 91, extremes of salinity 151, and UV
radiation 24,152.
Extreme anoxia tolerance in embryos of A. limnaeus is associated with their
ability to enter into dormancy associated via diapause and anoxia-induced
quiescence. While there are 3 distinct stages of diapause possible in annual
killifishes 29, extreme anoxia tolerance is associated only with diapause 2, Wourms’
Stage (WS) 32/33 30. D2 embryos can survive over 100 days without oxygen 7,32, and
post-diapause II embryos retain this tolerance for at least 4 days of post-diapause II
(4 dpd) development when they reach WS 36 30 by entry into quiescence. As
embryos continue to progress towards hatching, extreme anoxia tolerance is lost. In
a WS 40 embryo (12 dpd), embryos have an LT50 (lethal time to 50% mortality) of
6.7 days 32, and preconditioning can extend their tolerance by 30% 7. By the time
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embryo develop to WS 42 (20 dpd), embryos only survive about 1 day of anoxia and
preconditioning does not extended their anoxia tolerance 40.
Most of what is known about the response of vertebrate tissues to anoxia has
been gleaned from studies of mammalian tissues – tissues that are extremely
sensitive to oxygen deprivation. These studies have been conducted both in whole
animal models (such as stroke in rats) 153, as well as in cell culture 74. Cell culture
has obvious advantages for work on human responses to anoxia, and also allows for
advanced imaging capabilities, simplified methods for altering gene expression, and
efficient genome editing. However, it is difficult to separate adaptive responses to a
lack of oxygen in anoxia-sensitive mammalian cells from potential dysregulation or
even maladaptive responses. The development of an anoxia-tolerant cell line
derived from A. limnaeus allows us to compare responses to anoxia in anoxiasensitive and anoxia-tolerant species in cell culture.
With the advancement of genomics and transcriptomics, A. limnaeus is
emerging as a powerful model for studying extreme anoxia tolerance in vertebrates.
Recent publication of the species genome 25,26 and extensive RNA sequencing
projects 40,154,155 have made A. limnaeus a viable model for dissecting the
mechanistic basis of anoxia tolerance. Previous studies of A. limnaeus’ anoxia
tolerance have utilized whole embryos and isolated cells 43,156. Here we describe the
establishment of the AL4 cell line isolated from tissue explants from WS 40
embryos; embryos that are anoxia-tolerant (LT50= 6.7 days), and preconditioningresponsive 7.
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METHODS

Establishment of the AL4 cell line
Tissue explant culture. Primary cell cultures were derived from embryonic
tissues of WS 40 embryos. Live embryos were dechorionated in phosphate buffered
saline using fine forceps and were transferred to a LabGard® ES NU-540 Class II,
Type A2 Biological Safety Cabinet (NuAire, Plymouth, MN) for sterilization and
culturing. Dechorionated embryos were sterilized in 0.4% sodium hypochlorite for
30 s followed by 75% EtOH for 30 s, and 3 rinses with sterile PBS. Embryos were
transferred to a sterile petri dish and excess PBS surrounding the embryos was
removed. Using a size 20 Feather® scalpel blade a single cut was made in each
embryo, severing the head from the body. With tweezers, the head tissue was
transferred to a glass coverslip in the bottom of a CytoOne tissue-coated 12-well
plate (USA Scientific, Ocala, FL). 100 µl of Leibovitz’s L-15 medium with phenol red
(Gibco™, Gaithersburg, MD) supplemented with 20% fetal bovine serum (FBS,
Gibco™, Gaithersburg, MD) and 100 U/mL Penicillin/Streptomycin (Gibco™,
Gaithersburg, MD) was added to each tissue-containing well. Culture medium
surrounded the tissue explant, but did not allow it to float. Explants were incubated
at 30˚C under normal atmospheric conditions (no CO2) in a cell culture incubator
(Sheldon Laboratories, Cornelius, OR). On the following day, 500 µl of complete cell
culture medium was added to each well, submerging the adherent tissue explants.
Cultures were incubated at 30˚C without light and left undisturbed for 3 months.
After 3 months, cells had proliferated from some of the explants and covered the
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bottom of the well. Confluent wells were dissociated by incubation for 8 min at 30˚C
using TrypLE ExpressM (Gibco™, Gaithersburg, MD), according to the manufacturer’s
directions. Dissociation was aided by mechanical disruption by tapping the sides
and bottom of the plate. Twice the amount of cell culture medium as TrypLE was
added to each well after dissociation. Cells were pelleted by spinning for 7 min at
100 x g at 25˚C, and resuspended in L-15 supplemented with FBS and pen-strep (as
per above) and seeded into new plates. Cells were initially split from one well into
two wells of a 12-well plate, gradually working into 6-well plates and finally 100
mm plates. One cell line, AL4, that grew well and produced cells of consistent
spindle morphology was chosen for continued culturing.
Cell culture maintenance. Once cell culture lines were established and had
grown for 36 passages, the cells were maintained in complete cell culture media (L15 + 20% FBS, 5mM glucose, 100u/mL penicillin/streptomycin) at 30˚C without
additional CO2. Cells were split twice per week at 80-90% confluence, using TrypLE
Express according to manufacturer’s instructions. At the time of publication, the cell
lines have undergone 144 passages.

Cryopreservation
The cells have been successfully frozen, stored at -80˚C, thawed and reseeded. Cells were frozen in complete cell culture medium with 10% DMSO (Fisher
Scientific, Hampton, NH) with 1-10 million cells/mL medium. Cells were frozen in
cryotubes in a CoolCell Freezer Container (BioCision, San Rafael, CA) at -80˚C to
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gradually cool the cells 1˚C/minute. Rapid thawing in a 25˚C water bath yielded
successfully proliferating cells.

Growth assays
Seeding density. The effect of seeding density on growth rate was assessed by
seeding cells at different densities and counting cells daily. Cells were seeded at 3
initial starting densities in CytoOne™ 12-well cell culture-treated plates (USA
Scientific, Ocala, FL) in L-15 complete media as described above. Cells were seeded
in triplicate with 70,000, 35,000, or 17,500 cells/mL cell culture medium. A density
of 70,000 cells/mL was chosen as the highest seeding density because prior
experience suggested this density led to cells reaching confluence in 3-5 d. Each day
3 wells were counted for each seeding density. To count, cells were harvested by
sufficient TrypLE Express to cover the surface of each well to lift cells off the plate
followed by the addition of L-15 complete media, for a total volume of 1 mL (TrypLE
+ complete medium). Cell suspensions were counted with a Bright-Line
hemocytometer (American Optical, Buffalo, NY) to estimate total cell number per
plate.
FBS concentration. The effect of FBS concentration on growth rate was
assessed for cells seeded at 70,000 cells/mL. Cells were grown in CytoOne 12-well
plates (USA Scientific, Ocala, FL) in L-15 medium as described above with 0%, 8.5%,
or 20% FBS. All treatments were tested in triplicate. Cells were sampled and
counted each day, as described above for seeding density.
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Anoxia tolerance of the AL4 cell line
Preparation of anoxic medium with serum. Anoxic media was prepared under
sterile conditions. Pen-strep and glucose were added to L-15 to achieve final
concentrations of 100 U/mL and 5 mM, respectively. FBS was injected into a sterile
hydrated Slide-A-Lyzer™ dialysis cassette (ThermoFisher Scientific) using a sterile
syringe and 22G needle, to achieve a final concentration of 8.5%. The cassette was
added to the rest of the L-15 solution in a graduated cylinder. The L-15 on either
side of the FBS-containing cassette was bubbled with high purity nitrogen gas
(Matheson, Portland, OR) through a sterile glass diffuser for 1 h prior to moving the
cylinder into an anaerobic chamber equilibrated to an atmosphere of 5% hydrogen
and 95% nitrogen (Bactron III, Sheldon Laboratories, Cornelius, OR). This chamber
contains a palladium catalyst that chemically removes oxygen in the presence of
hydrogen gas. Once in the chamber, the media was bubbled with chamber air for 4 h
through the glass diffuser using an aquarium pump placed inside the anaerobic
chamber. Afterwards, the FBS was withdrawn from the cassette using a sterile
syringe and added to the L-15 media within which it was bubbled. This method
enabled the production of sterile anoxic complete medium while avoiding foaming
of the FBS during the purging process.
Anoxia tolerance. 47,430 cells in 1 ml complete culture medium were seeded
in triplicate in 24-well CytoOne tissue culture plates (USA Scientific, Ocala, FL) and
grown for 2 d at 30°C to reach nearly 100% confluence. Plates were introduced into
the anoxic chamber and the medium was immediately replaced with fresh anoxic
medium. Spent anoxic medium was replaced with fresh anoxic medium every 4 d.
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Three wells of cells were sampled weekly for 7 weeks. At each sampling point, cells
were stained with a LIVE/DEAD™ viability/cytotoxicity kit (ThermoFisher Scientific,
Waltham, MA) according to manufacturer instructions using 1.0 μM calcein AM
(stains live cells) and 2.5 μM ethidium homodimer-1 (stains dead cells). Stained cells
were photographed with a Leica DMIRB inverted microscope and Leica DFC450C
camera. In a separate experiment, cells were counted weekly using a
hemocytometer, as described above for the growth assays. Anoxia tolerance was
repeated in order to perform cell counts. Cells were counted as previously described
for the seeding density and FBS concentration growth experiments.

Proteomic phenotyping of AL4 cells
Proteomics sample preparation. AL4 cells were grown to confluence in 100
mm cell culture-treated CytoOne plates (USA Scientific, Ocala, FL) at 30˚C in
complete medium (see above). At the time of sampling, media was replaced with 1.7
ml of ice cold PBS containing 2.7 mM EDTA. The cells were incubated for 5 min at
room temperature prior to collection by scraping with a plastic policeman. Cells
were collected into a 1.7 ml low-retention microcentrifuge tube and kept on ice or in
a 4°C centrifuge. Cell suspensions were centrifuged at 200 x g for 7 min to pellet the
cells. The supernatant was removed and the cells were subsequently rinsed three
times with ice cold PBS. The first two rinses were followed by centrifugation at 200
x g for 7 min. Following the last wash, cells were pelleted by centrifugation at 600 x
g for 5 min to form a tighter pellet. Final pellets (n = 6) were flash frozen in liquid
nitrogen and stored at -80°C prior to mass spectrometric analysis.
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Proteomics sample analysis. The proteome of confluent AL4 cells was
characterized by two-tiered label-free proteomics analysis as described previously
157,158.

Briefly, cell pellets were pulverized under liquid nitrogen and proteins

precipitated overnight in a mixture of 10% trichloroacetic acid, 90% acetone, 0.02%
dithiothreitol (6x the volume of the original tissue weight). Protein pellets were
dissolved in urea/thiourea buffer and diluted in LCMS grade water to a protein
concentration of 150 µg/100 µl. Samples were then reduced with DTT, alkylated
with iodoacetic acid and digested with immobilized trypsin on a rotator at 35°C for
16 h. Peptide solutions were concentrated by speedvac to the point of urea
precipitation, and resuspended in 1 ml of 0.1% formic acid in LCMS grade water.
Peptides were separated via liquid chromatography and their mass determined via
micrOTOF-QII mass spectrometer (Bruker Daltonics). Peaklists were generated
using Mascot software (Matrixscience, Ltd) and proteins were identified by
combining the search results of Mascot and Phenyx (Geneva Bioinformatics, SA)
search engines using Proteinscape 3.1 (Bruker Daltonics). A threshold of 5%
probability of an incorrect identification was used for evaluating MS/MS spectra.
Automatic annotation was conducted with BLAST2GO against the complete
predicted proteome of Austrofundulus limnaeus generated by the NCBI eukaryotic
genome annotation pipeline. Proteins were quantified using ProfileAnalysis 2.0 and
Proteinscape 3.1 software (Bruker Daltonics) according to the “accurate mass and
time lag” method.
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Graphing and Statistics
Graphs were made and regression analyses applied using Prism 7.0a
software (GraphPad Software, Inc.).

RESULTS
Development of cell lines. Explants from annual killifish embryos adhered to cell
culture-treated plates within 24 h. After 3-4 d, cells began to migrate and grow out
of the explant (Figure 4.1a). After 3 months, cells began to proliferate at a much
greater rate and quickly began to cover the wells. Near the tissue explant, cells
stacked on top of each other forming a loose tissue-like network (Figure 4.1b). Cells
grew off the edge of the coverslip and covered the entire bottom of the well (Figure
4.1c). Subcultured cells continued to adhere and grow and the population was
eventually expanded to 100 mm plates. Interestingly, even after 3 months cells
continued to proliferate out of the original explant when it was transferred to fresh
media (Figure 4.1d).

Temperature tolerance. Cell lines were successfully established, grown, and
subcultured at 25˚C and 30˚C (data not shown). Cells grown at 30˚C survived when
transferred to 37˚C, but they could not be subcultured at this temperature.

Characterization of cell lines. Over the course of passaging the cells, the homogeneity
of the cell types present in the cultures increased. Early passages were comprised of
multiple cells types, with a few cells of distinct morphology, different from the
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majority of the cells (Figure 4.1e). After many passages, homogeneity of cell types
greatly increased (Figure 4.1f). In the established continuous cell line, the majority
of the cells are long, spindle-like cells with a fibroblast-like morphology.

Seeding density and growth to confluence
Growth rate varied with seeding density in cells grown in complete L-15
medium supplemented with 20% FBS (Figure 4.2). Cells reached confluence after
about 5 d. Cells seeded at reduced densities lagged behind these cells and took 8-10
days to reach confluence. The log and plateau phases of cell growth exhibited at all
three densities is characteristic of normal growth of cultured cells.

FBS concentration and growth to confluence
Cells were unable to grow without FBS, but grew both with 8.5% and 20%
FBS (Figure 4.3). Cells grown with 8.5% grew at approximately the same rate as
those in media supplemented with 20% FBS. However, they may reach confluence
with fewer cells.

Anoxia tolerance
AL4 cells can survive for over a month in the complete absence of oxygen
(Figure 4.4). Most cells survived over 7 d, and many survived over 21 d of anoxia.
The LT50 for cell survival of anoxia was 26.5 ± 1.7 days. Even after 49 d of anoxia,
7% of the original total cells were still alive, greatly surpassing the tolerance of any
known vertebrate cell. The vast majority of anoxic adherent cells stained positively
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for calcein-AM in a live-dead stain (Figure 4.5), indicating cell viability of attached
cells. In fact, very few dead adherent cells (red stain) were ever observed,
suggesting that cell death quickly results in loss of adherence.

Molecular phenotyping
High expression of keratins 8 and 18 are consistent with the AL4 cells being
of epithelial origin (Table 4.1). Of the top 100 expressed proteins, 26 are involved in
cytoskeletal or related function, 15 are molecular chaperones or heat shock
proteins, 13 are mitochondrial proteins, 9 are involved in translated, and 5 are
involved in metabolism. Based on protein expression the AL4 cell line is likely of
neural origin (Table 4.2). Interestingly, the cells express a number of neuronal, glial,
astrocytic, and oligodendrocyte markers (Table 4.2). Additionally, they lack
expression of most key protein markers that are used to identify specific lineages
within the neural progenitor differentiation pathway, suggesting they may be
neuronal precursors. Perhaps the most specific marker expressed is the RNA
binding protein musashi which is thought to be a neural stem cell specific marker in
the mouse 159. Given the relatively high abundance of this protein (ranked 673 of
2002), its expression is likely significant. It is worth noting that a neural stem cell
origin is consistent with the location of the body from which the cells were isolated.

DISCUSSION
Here we describe the establishment and characterization of a continuous cell
line derived from head tissue of embryos of the annual killifish A. limnaeus. It is
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highly likely that these cells are of neural origin, and may be neural stem cells. The
cells grow relatively quickly and do not require any specific growth factors outside
of those provided by FBS. At the time of publication, the cell line has been
proliferating for nearly 3 ½ years and has been passaged 144 times. Like the
embryos from which they are derived, the cells demonstrate remarkable anoxiatolerance.
The ability of AL4 cells to survive anoxia for 50 days or more is
extraordinary. While few studies have measured the tolerance of vertebrate cells to
anoxia, no previous studies, of any species, have described a cell line with this level
of anoxia tolerance. In comparison, a human neuroblastoma cell line, SH-SY5Y, can
only survive anoxia for approximately 32 h 160. Thus, in the context of other
established vertebrate cell lines, the anoxia tolerance of AL4 is impressive and
unsurpassed.
It is interesting that the anoxia tolerance of the AL4 cell line is higher (LT50
= 26.5 +/- 1.7 days) than the WS 40 embryo from which it was derived (LT50 = 6.7
d). The most likely explanation for this difference is that the AL4 cells are derived
from a tissue that does not limit the organismal anoxia tolerance of WS 40 embryos,
suggesting that there are other cells in WS 40 embryos that are much more sensitive
to anoxia compared to the AL4 cells. Another possibility is that the process of
spontaneous immortalization has altered the cells in a manner that supports the
higher tolerance of anoxia. Finally, it is also possible that cell culture conditions
provide growth factors and metabolic fuel (glucose) that are limited within the
whole embryo, and thus the cells share the same physiology as their progenitor
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tissues, but do not experience the same physiological limitations when grown in a
monolayer culture. Detailed studies on tissue-specific physiological conditions
during anoxia will be needed to help clarify the differences observed between AL4
cells and the embryos from which they were derived.
Since few vertebrates are highly anoxia-tolerant, the majority of studies on
this phenomenon are focused on only a few species: crucian carp, western painted
turtle, and annual killifish embryos. Western painted turtle brain cortical sheets and
isolated hepatocytes 8 have been studied, but a continuous cell line has not been
isolated. A fin cell line was derived from isogenic ginbuna crucian carp, but its
anoxia-tolerance has not been documented 161. Thus, the establishment of the AL4
cell line presents a new and powerful tool available for the study of extreme anoxia
tolerance in vertebrates.
The availability of cell culture lines increases the value of these nontraditional model organisms for mechanistic studies of basic cellular function,
especially in a biomedical context. Several other fish cell lines have also been
established by the explant method, including from salmonids 162 and zebrafish 163. A
continuous cell line has been derived from embryos of the mummichog killifish
Fundulus heteroclitus 164, a non-annual killifish species that serves as a model for
population evolution and which displays remarkable hypoxia tolerance, surviving 9
d of severe hypoxia 165. The increase in availability of fish cell lines with unique
characters that reflect a wide range of organismal phenotypes has the potential to
help link genotypic and evolutionary differences with molecular and physiological
phenotypes. The establishment and study of these cell lines is the first step in
106

understanding one of the grand challenges in biology – understanding the linkage
between genotype and phenotype.
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Figure 4.1. Representative images of cell growth during establishment of AL4 cell line. (A) Four days
after plating tissue explant from a WS 40 embryo, tissue is attached to plate and cells are growing out
of the tissue. (B) 3 months after plating explant, layers of cells and tissue have grown and are
stacking on top of each other. (C) 3 months after plating explant, cells cover the surface of the well,
extending off of the coverslip upon which the explant was plated. (D) 3 days after passaging the cells
from the original outgrowth from the explant (Fig 4.1. C & D) cells are growing out of explant again
onto the bottom of the plate. (E) 3 days after seeding passage 1 (P1) cells in 6-well plate with
coverslip. Cells have grown off the coverslip. Additionally, multiple cell types are present in P1. (F) A.
limnaeus AL4 cells at passage 144. Note an increased homogeneity in cell type.
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Figure 4.2. Seeding density affects growth rate of AL4 cells. (A) Growth curves of cells plated at 3
different densities: 70,000, 35,000, and 17,500 cells/well. All cells grown in complete cell culture
media: L15 supplemented with 20% FBS, 100 u/mL pen-strep, and 5 mM glucose. Graph fitted with
sigmoidal dose-response curve. 70,000 cells: R2 = 0.9177; 35,000 cells: R2 = 0.9194; 17,500 cells: R2 =
0.9739. (B) Representative images of cells grown from 3 different seeding densities.
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Figure 4.3. FBS concentration affects AL4 cell growth rate. Cells were seeded at a density of 70,000
cells/well. Growth curves of cells plated in 3 concentrations of FBS: 0%, 8.5%, and 20% in L15 media
supplemented with 100 u/mL pen-strep and 5 mM glucose. Cells were plated in triplicates. Data
fitted with sigmoidal dose-response curve.
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Figure 4.4. Survival of AL4 cells in anoxia. LT50 = 26.5 +/- 1.7 days.
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50

Anoxia
Normoxia
Figure 4.5. Representative images from AL4 cell anoxia assay with normoxic
controls. Live cells are stained with calcein AM (green) and dead cells are stained
with ethidium homodimer-1 (red). Note: dead cells are infrequent in the images
as they detach from the plate and are rinsed away in the staining process.
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Table 4.1. Top 100 most abundant proteins in AL4 cell line derived from embryos of A. limnaeus.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Gene Description
filamin-A-like
60 kDa heat shock protein, mitochondrial
actin, cytoplasmic 1
neuroblast differentiation-associated protein
AHNAK
keratin, type II cytoskeletal 8-like
keratin, type I cytoskeletal 18-like
tubulin beta-4B chain
elongation factor 1-alpha-like
glyceraldehyde-3-phosphate dehydrogenase-like
malate dehydrogenase, mitochondrial
ATP synthase subunit beta, mitochondrial
transitional endoplasmic reticulum ATPase isoform
X2
heat shock cognate 70 kDa protein
protein disulfide-isomerase A3
peptidyl-prolyl cis-trans isomerase-like
myosin-9 isoform X1
vinculin
tubulin alpha chain-like
keratin, type I cytoskeletal 18
stress-70 protein, mitochondrial
alpha-enolase isoform X1
transgelin
protein disulfide-isomerase
78 kDa glucose-regulated protein
annexin A1
fructose-bisphosphate aldolase C
aconitate hydratase, mitochondrial-like
endoplasmin
calreticulin-like
phosphoglycerate kinase 1
polyadenylate-binding protein 1-like
transketolase-like
elongation factor 2-like isoform X1
annexin A10
ATP synthase subunit alpha, mitochondrial-like
peptidyl-prolyl cis-trans isomerase B
spectrin alpha chain, non-erythrocytic 1 isoform X1
ADP/ATP translocase 2-like
plastin-3-like
complement component 1Q subcomponent-binding
protein, mito.
thioredoxin domain-containing protein 5
protein disulfide-isomerase A6 isoform X1
annexin A2
myosin light polypeptide 6 isoform X1
heat shock protein HSP 90-beta
transgelin-like
gelsolin-like isoform X1
heterogeneous nuclear ribonucleoprotein A1-like
isoform X4
isocitrate dehydrogenase [NADP], mitochondrial
nucleoside diphosphate kinase B-like
aspartate aminotransferase, mitochondrial
trifunctional enzyme subunit alpha, mitochondrial
ubiquitin-like modifier-activating enzyme 1
glutamate dehydrogenase, mitochondrial
40S ribosomal protein S19
calumenin
triosephosphate isomerase
14-3-3 protein beta/alpha-1
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Accession Number
gi|928045615|ref|XP_013871745.1|
gi|928064595|ref|XP_013881886.1|
gi|928075709|ref|XP_013887800.1|

MW
271 kDa
61 kDa
42 kDa

gi|928009651|ref|XP_013861934.1|
gi|928052258|ref|XP_013875316.1|
gi|928033140|ref|XP_013865078.1|
gi|928042654|ref|XP_013870158.1|
gi|928060894|ref|XP_013879930.1|
gi|928036382|ref|XP_013866804.1|
gi|928078999|ref|XP_013889566.1|
gi|928046320|ref|XP_013872125.1|

264 kDa
59 kDa
46 kDa
50 kDa
50 kDa
36 kDa
36 kDa
55 kDa

gi|928042157|ref|XP_013869893.1|
gi|928076929|ref|XP_013888455.1|
gi|928061989|ref|XP_013880516.1|
gi|928057806|ref|XP_013878276.1|
gi|928031733|ref|XP_013864337.1|
gi|928029438|ref|XP_013863112.1|
gi|928074255|ref|XP_013887014.1|
gi|928052256|ref|XP_013875315.1|
gi|928055488|ref|XP_013877040.1|
gi|928014035|ref|XP_013875839.1|
gi|928063843|ref|XP_013881487.1|
gi|928075497|ref|XP_013887687.1|
gi|928032721|ref|XP_013864862.1|
gi|928037682|ref|XP_013867505.1|
gi|928021102|ref|XP_013858647.1|
gi|928015966|ref|XP_013883920.1|
gi|928078446|ref|XP_013889269.1|
gi|928072162|ref|XP_013885892.1|
gi|928069612|ref|XP_013884529.1|
gi|928073508|ref|XP_013886612.1|
gi|928013213|ref|XP_013873113.1|
gi|928023739|ref|XP_013860054.1|
gi|928053823|ref|XP_013876156.1|
gi|928020060|ref|XP_013858090.1|
gi|928065630|ref|XP_013882442.1|
gi|928066740|ref|XP_013883023.1|
gi|928053695|ref|XP_013876086.1|
gi|928027754|ref|XP_013862210.1|

89 kDa
71 kDa
49 kDa
18 kDa
227 kDa
117 kDa
50 kDa
48 kDa
74 kDa
47 kDa
22 kDa
57 kDa
72 kDa
38 kDa
39 kDa
85 kDa
92 kDa
49 kDa
45 kDa
71 kDa
68 kDa
95 kDa
35 kDa
60 kDa
24 kDa
285 kDa
33 kDa
70 kDa

gi|928079832|ref|XP_013890013.1|
gi|928064829|ref|XP_013882012.1|
gi|928044502|ref|XP_013871144.1|
gi|928021882|ref|XP_013859057.1|
gi|928013546|ref|XP_013874544.1|
gi|928044096|ref|XP_013870927.1|
gi|928027724|ref|XP_013862193.1|
gi|928062536|ref|XP_013880807.1|

32 kDa
47 kDa
48 kDa
40 kDa
17 kDa
83 kDa
22 kDa
79 kDa

gi|928013358|ref|XP_013873819.1|
gi|928021780|ref|XP_013859002.1|
gi|928049155|ref|XP_013873646.1|
gi|928015913|ref|XP_013883668.1|
gi|928062422|ref|XP_013880747.1|
gi|928013223|ref|XP_013873167.1|
gi|928028353|ref|XP_013862534.1|
gi|928047478|ref|XP_013872748.1|
gi|928021626|ref|XP_013858927.1|
gi|928060976|ref|XP_013879975.1|
gi|928012834|ref|XP_013871899.1|

37 kDa
51 kDa
17 kDa
47 kDa
83 kDa
118 kDa
60 kDa
19 kDa
37 kDa
27 kDa
28 kDa

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

peroxiredoxin-6-like
heterogeneous nuclear ribonucleoprotein R isoform
X1
far upstream element-binding protein 1 isoform X3
neuroblast differentiation-associated protein
AHNAK-like, partial
stress-induced-phosphoprotein 1
peptidyl-prolyl cis-trans isomerase FKBP10-like
cytoskeleton-associated protein 4
profilin-2-like isoform X1
nucleophosmin-like isoform X1
eukaryotic translation initiation factor 5A-1-like
phosphoglycerate mutase 1
copine-1
gelsolin isoform X1
60S ribosomal protein L23
cytochrome b-c1 complex subunit 2, mitochondrial
ATP synthase subunit O, mitochondrial
Cvon Willebrand factor A domain-containing
protein 5A-like
adenylyl cyclase-associated protein 1-like
heterogeneous nuclear ribonucleoprotein A0
trifunctional enzyme subunit beta, mitochondrial
glucose-6-phosphate isomerase-like
WD repeat-containing protein 1
palladin isoform X1
40S ribosomal protein S12
aldehyde dehydrogenase, mitochondrial
moesin-like
heterogeneous nuclear ribonucleoprotein M
isoform X1
glutathione S-transferase A-like
40S ribosomal protein S5
malate dehydrogenase, cytoplasmic-like
elongation factor Tu, mitochondrial
carbonyl reductase [NADPH] 1
lamin isoform X1
serpin H1 isoform X1
rRNA 2'-O-methyltransferase fibrillarin
myosin regulatory light polypeptide 9
40S ribosomal protein S2
non-muscle caldesmon-like isoform X1
tropomyosin alpha-4 chain isoform X4
4-trimethylaminobutyraldehyde dehydrogenase
histone H2AX
alpha-actinin-4-like isoform X2
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gi|928081404|ref|XP_013855525.1|

24 kDa

gi|928039726|ref|XP_013868595.1|
gi|928039443|ref|XP_013868442.1|

71 kDa
69 kDa

gi|928083796|ref|XP_013856808.1|
gi|928073299|ref|XP_013886500.1|
gi|928080774|ref|XP_013855187.1|
gi|928023052|ref|XP_013859682.1|
gi|928076071|ref|XP_013887995.1|
gi|928045853|ref|XP_013871870.1|
gi|928071703|ref|XP_013885650.1|
gi|928065393|ref|XP_013882319.1|
gi|928045172|ref|XP_013871505.1|
gi|928019669|ref|XP_013857887.1|
gi|928062767|ref|XP_013880921.1|
gi|928060079|ref|XP_013879496.1|
gi|928010242|ref|XP_013864246.1|

22 kDa
62 kDa
82 kDa
57 kDa
15 kDa
33 kDa
17 kDa
29 kDa
60 kDa
81 kDa
15 kDa
52 kDa
23 kDa

gi|928081820|ref|XP_013855750.1|
gi|928074889|ref|XP_013887362.1|
gi|928018779|ref|XP_013857407.1|
gi|928067566|ref|XP_013883465.1|
gi|928065225|ref|XP_013882229.1|
gi|928047073|ref|XP_013872527.1|
gi|928053509|ref|XP_013875984.1|
gi|928050449|ref|XP_013874348.1|
gi|928055804|ref|XP_013877210.1|
gi|928027791|ref|XP_013862231.1|

58 kDa
50 kDa
31 kDa
51 kDa
62 kDa
66 kDa
156 kDa
14 kDa
56 kDa
68 kDa

gi|928074857|ref|XP_013887345.1|
gi|928067647|ref|XP_013883508.1|
gi|928039654|ref|XP_013868556.1|
gi|928077640|ref|XP_013888836.1|
gi|928058550|ref|XP_013878676.1|
gi|928057632|ref|XP_013878183.1|
gi|928058272|ref|XP_013878525.1|
gi|928052396|ref|XP_013875388.1|
gi|928069322|ref|XP_013884377.1|
gi|928033166|ref|XP_013865092.1|
gi|928043003|ref|XP_013870345.1|
gi|928052194|ref|XP_013875283.1|
gi|928041725|ref|XP_013869664.1|
gi|928061275|ref|XP_013880134.1|
gi|928057744|ref|XP_013878242.1|
gi|928078456|ref|XP_013889275.1|

76 kDa
26 kDa
23 kDa
38 kDa
49 kDa
30 kDa
71 kDa
50 kDa
84 kDa
20 kDa
30 kDa
68 kDa
29 kDa
55 kDa
15 kDa
97 kDa

Table 4.2. Neural lineage markers in the AL4 cell line derived from embryonic A. limnaeus.
Rank
4
26
62
66
222
241
305
316
388
395
450
473
516
576
657
669
673
821
829
854
1051
1234
1242
1340

Gene Description
neuroblast differentiation-associated protein
AHNAK
fructose-bisphosphate aldolase C
neuroblast differentiation-associated protein
AHNAK-like, partial
profilin-2-like isoform X1
neural cell adhesion molecule 1-like isoform
X5
MARCKS-related protein-like
neuronal-specific septin-3-like isoform X2
synaptic vesicle membrane protein VAT-1
homolog
ELAV-like protein 1
mesencephalic astrocyte-derived
neurotrophic factor
neuronal-specific septin-3 isoform X4
synaptopodin
glia maturation factor beta
ELAV-like protein 1
hematological and neurological expressed 1like protein
astrocytic phosphoprotein PEA-15
RNA-binding protein Musashi homolog 1
syntenin-1
double-stranded RNA-binding protein
Staufen homolog 2
hematological and neurological expressed 1
protein
synaptic vesicle membrane protein VAT-1
homolog
synapse-associated protein 1
glia-derived nexin isoform X1
galactocerebrosidase

Accession Number

MW

gi|928009651|ref|XP_013861934.1|
gi|928021102|ref|XP_013858647.1|

264 kDa
39 kDa

gi|928083796|ref|XP_013856808.1|
gi|928076071|ref|XP_013887995.1|

22 kDa
15 kDa

gi|928022520|ref|XP_013859403.1|
gi|928066151|ref|XP_013882729.1|
gi|928043087|ref|XP_013870389.1|

108 kDa
21 kDa
69 kDa

gi|928078660|ref|XP_013889382.1|
gi|928080002|ref|XP_013890102.1|

48 kDa
40 kDa

gi|928080951|ref|XP_013855285.1|
gi|928024447|ref|XP_013860429.1|
gi|928026615|ref|XP_013861597.1|
gi|928064390|ref|XP_013881777.1|
gi|928048906|ref|XP_013873512.1|

20 kDa
41 kDa
84 kDa
20 kDa
36 kDa

gi|928071862|ref|XP_013885731.1|
gi|928069919|ref|XP_013884694.1|
gi|928033257|ref|XP_013865141.1|
gi|928010451|ref|XP_013865032.1|

22 kDa
15 kDa
35 kDa
33 kDa

gi|928019496|ref|XP_013857792.1|

75 kDa

gi|928043081|ref|XP_013870385.1|

18 kDa

gi|928014577|ref|XP_013878153.1|
gi|928074518|ref|XP_013887155.1|
gi|928064581|ref|XP_013881879.1|
gi|928037320|ref|XP_013867310.1|

52 kDa
41 kDa
44 kDa
74 kDa

Ref
166

167
166

168
169

170
171
172

173
174

171
175
176
173
177

178
159
179
180

177

172
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181
182
183

Chapter 5:
MitosRNAs and Extreme Anoxia Tolerance of Embryos of the Annual Killifish
Austrofundulus limnaeus
INTRODUCTION
Embryos of the annual killifish Austrofundulus limnaeus, are the most anoxiatolerant vertebrate known 7. The most tolerant embryonic stages survive over 100
days without oxygen 7,32. During embryonic development in A. limnaeus, embryos
range from anoxia-sensitive to highly anoxia-tolerant, allowing an opportunity for
comparative study of phenotypes within the species 7. Metabolic depression is
central to surviving anoxia, in A. limnaeus 92 as well as the few other known anoxiatolerant vertebrates 2. Therefore understanding the cellular mechanisms that
support entry into and exit from metabolic depression is of particular interest. A
recent revolution in small non-coding RNA (sncRNA) research has demonstrated
that sncRNAs play pivotal roles in practically every aspect of cell and organismal
physiology, particularly by regulating gene expression 1,184. A study on sncRNAs in
embryos of the annual killifish A. limnaeus revealed unique sncRNA expression
patterns associated with different anoxia-tolerance phenotypes (ie embryonic
stages) 40. While many miRNAs, the most well-studied class of sncRNAs, were
differentially expressed in response to anoxia and recovery, a very interesting
expression signature was identified for mitosRNAs, a class of sncRNAs derived from
the mitochondrial genome 40. In actively developing embryos, anoxia strongly
induced increased expression of mitosRNAs. No other class of sncRNAs increased in
expression in response to anoxia. As embryos aged and lost their anoxia tolerance,
the mitosRNAs response was muted. The distinct expression pattern of mitosRNAs
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within A. limnaeus strongly suggests that mitosRNAs may be critical to supporting
extreme anoxia tolerance in embryos of A. limnaeus 40. Here we further investigate
the nature of mitosRNAs in A. limnaeus, including probing their cellular and whole
embryo localization, as well as possible mechanisms for their biosynthesis.
Mitochondrial small non-coding RNAs were first identified in isolated mouse
mitochondria 185 and in the mitochondrion of a flagellated protozoa parasite 186. A
later study on small RNAs associated with human mitochondria identified “putative
novel miRNAs”, aligning to regions of the mitochondrial genome, including 16S
rRNA, tRNAs, and subunits of complex 1 187. This same study confirmed the
association of miRNA, piRNAs, and snoRNAs with mitochondria. The term
mitosRNAs was coined by Ro et al. 17 in 2013, in their study of sncRNAs in mouse
and human mitochondrial genomes, where they identified 1000s of sncRNAs
encoded by the mitochondrial genome. Ro et al. identified mitosRNAs derived from
all regions of the mitochondrial genome: protein-coding, rRNA, tRNA, and noncoding, and confirmed subcellular localization to the mitochondria by northern blot
assay. The biogenesis of mitosRNAs remains murky, but Ro et al. found that
inactivation of DICER, a ribonuclease involved in miRNA biogenesis, resulted in
aberrant expression of mitosRNAs, but did not completely abolish them 17. This
suggests that DICER is not the direct producer of mitosRNAs but may have
secondary involvement in their production or modification. Additionally, neither
DICER nor Argonaut (another protein associated with miRNA biogenesis) were
identified in mitochondria purified from human cells, suggesting that these
mitosRNAs are generated by mechanisms distinct from those of miRNAs.
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Understanding the role of mitosRNAs remains limited, though a detailed study of
mitosRNA-1978 in CHO (chinese hamster ovarian) cells has demonstrated a miRNAlike role, where it regulates gene expression of two genes localized to the
endoplasmic reticulum 188. Ro et al. found that mitosRNAs target antisense
transcripts and enhance the expression of mitochondrial host genes 17.
Since the discovery of mitosRNAs, a few studies have identified differentially
expressed mitosRNAs in non-model organisms. In the tadpole shrimp Triops
cancriformis, an analysis of tRNA-derived fragments (tRFs) identified tRFs derived
from 16 different mitochondrial tRNAs 189, and expression of these varied over
developmental time 189. MitosRNAs were also identified in eggs of the rainbow trout,
with a high proportion of mitosRNAs originating from mitochondrial tRNAs 190.
Post-ovulatory aging of the eggs resulted in decreasing expression of the
mitosRNAs.
While these studies indicate that differential expression of mitosRNAs may
play a role in development, the study on anoxia tolerant annual killifish was the first
to document mitosRNAs in response to stress. Here we focus on these mitosRNAs in
annual killifish embryos, which range in their anoxia-tolerance levels.
The range in anoxia-tolerance levels and phenotypes in A. limnaeus presents
a unique opportunity for comparative study, allowing us to assess if mitosRNAs may
be critical for surviving anoxia tolerance, and to explore the potential adaptive roles
of these novel sequences in this context. A. limnaeus embryos can enter metabolic
depression associated with diapause 2 (D2) in a Worums’ Stage (WS) 32/33 embryo
30,31,92

at 24 days post fertilization (dpf). D2 embryos are metabolically depressed
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and exhibit the maximum anoxia-tolerance displayed in embryos of A. limnaeus,
surviving over 100 days without oxygen 32. As embryos exit D2 and continue
actively developing, anoxia tolerance is initially retained for 4 days post diapause (4
dpd) until the embryos reach WS 36. After WS 36, anoxia tolerance declines as the
embryos develop towards hatching. By 12 dpd at WS 40, embryos survive about 7
days with oxygen and by 20 dpd (WS 42) embryos only survive about 24 hours
without oxygen 7,32. Additionally, the anoxia tolerance of WS 40 embryos can be
extended by about 30% with a brief non-lethal period of anoxia (preconditioning) 7.
The comparison between D2 and WS 36 embryos provides a unique opportunity to
compare extremely anoxia-tolerant dormant embryos with actively developing,
metabolically active embryos with the same remarkable anoxia tolerance. MitosRNA
expression patterns in context of this biology suggest that they may be critical to
supporting anoxia tolerance and therefore deserve further investigation 40. In this
study we examine the expression, localization, and mechanism of generation of
mitosRNAs in anoxia-tolerant A. limnaeus embryos.

METHODS
Embryo maintenance and staging
Embryos of the annual killifish A. limnaeus were collected from spawning
adults and maintained using standard husbandry protocols 93 in accordance with
PSU IUCAC protocol # 33. As previously described, embryos were staged and D2
embryos were exposed to 48 h of continuous light at 30˚C to break diapause, in
order to obtain post-D2 stage embryos 40 ranging in anoxia-tolerance phenotype, as
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described in Chapter 2. Post-D2 embryos were staged according to morphology 30.
Wourms’ stage (WS) 36 embryos were collected at 4 days post diapause 2 (dpd) and
WS 40 embryos were collected at 12 dpd for whole embryo in situ hybridization of
sncRNAs of interest since these are the two most anoxia-tolerant metabolically
active stages, with the most robust mitosRNA response to anoxia.

mitosRNA analysis
sncRNA expression patterns in A. limnaeus embryos exposed to anoxia and
recovery were reported in Chapter 2 and previously published 40 (NCBI Bioproject
PRJNA272154). MitosRNAs identified in the sncRNA expression patterns were
pulled out of the sncRNA data and reanalyzed here. Expression of mitosRNAs was
also analyzed in sncRNA data generated from the AL4 anoxia-tolerant cell line
(Chapter 4), using the same data analysis pipeline as in Chapter 2, and reported here
for the first time.

Embryo sampling for whole mount in situ hybridizations
Embryos were exposed to anoxia using a Bactron III anaerobic chamber
(Sheldon Manufacturing, Cornelius, OR), followed by aerobic recovery as previously
described 40. Embryos were sampled at t = 0 under aerobic conditions, and then
after 4 and 24 h of anoxia, and 2 and 24 h of aerobic recovery from anoxia. These
sampling times match the sncRNA sequencing treatment time points 40. Embryos
were fixed overnight with rocking at 4 ˚C in 4% PFA in phosphate buffered saline
(PBS, 2.7 mM KCl, 1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM Na2HPO4, pH 7.4). For
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anoxia-exposed samples, samples were transferred to tubes with anoxic 4%
PFA/PBS and sealed in tubes before removal from the anoxic chamber. Anoxic 4%
PFA was prepared by diluting 32% PFA stored under a nitrogen atmosphere
(Electron Microscopy Sciences Hatfield, PA) into PBS that was bubbled with N2 gas
for 30 min. Following overnight fixation, embryos were dechorionated using fine
forceps and were re-fixed in 4% PFA/PBS overnight at 4˚C. Embryos were rinsed of
PFA and dehydrated in a methanol/PBS-T (PBS + 0.01% tween 20) dehydration
series (25% MeOH/75% PBS-T, 50% MeOH/50% PBS-T, 75% MeOH/72% PBS-T,
and 100% MeOH) and stored at -20˚C until use in a whole embryo in situ
hybridization.

Whole Mount sncRNA in situ Hybridization
Whole mount sncRNA in situ hybridization methods were adapted from a
Bakkers lab protocol 191. Stored embryos were rehydrated in a methanol/PBS-T
(0.01% tween-20) series, rinsing 5 min each at room temperature in 75%
MeOH/25% PBS-T, 50% MeOH/50% PBS-T, 25% MeOH/75% PBS-T, and 100%
PBS-T. Rehydrated embryos were then permeabilized by incubating in proteinase K
(10µg/ml) for 10 min at room temperature (RT). Permeabilized embryos were refixed in 4% PFA/PBS for 20 min at RT. Following fixation, embryos were rinsed in
PBS-T (5 x 10 min). Embryos were prehybridized in Hyb + solution (50% deionized
formamide, 5x sodium chloride/sodium citrate (SSC), 0.1% tween-20, 9 mM citric
acid, 50 µg/ml heparin, 0.5 mg/ml tRNA from torula yeast). Embryos were
prehybridized for at least 2 h at hybridization temperature (30˚C below the RNA
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melting point of the probe of interest). Fresh hybridization solution with probes for
sncRNAs of interest were added to the embryos at a final concentration of 50 nM.
Embryos were hybridized overnight. Hybridization was followed by washes in Hyb
– solution (50% deionized formamide, 5x SSC, 0.1% tween-20, 9 mM citric acid) at
hybridization temperature for 10 min. Stringency washes (10 min: 75% HYB-/2x
SSC-T; 50% HYB-/2x SSC-T; 25% HYB-/2x SSC-T; 2x SSC-T; 30 min: 2x 0.2x SSC-T)
were also carried out at hybridization temperature. Embryos were then transferred
to PBS-T through a series of 10 min washes at room temperature (75% 0.2X SSCT/25% PBS-T; 50% 0.2X SSC-T/50% PBS-T; 25% 0.2X SSC-T/75% PBS-T; 100%
PBS-T). Embryos were subsequently incubated in 0.1 M glycine, pH 2.2 + 0.01%
tween-20 for 45 min to deactivate endogenous alkaline phosphatases. Embryos
were blocked for 1 h at RT in blocking buffer (2mg/ml BSA (Sigma, St. Louis, MO),
5% normal sheep serum (Jackson ImmunoResearch, West Grove, PA) in PBS)
followed by incubation in anti-digoxigenin-AP (1:2000 in blocking buffer, Roche,
Basel, Switzerland) rocking at 4˚C overnight. Excess antibody was washed from
embryos (3 x 5 min in PBS-T; 6 x 10 min PBS-T) at RT. Embryos were equilibrated to
staining buffer (0.1 M tris-HCl, 0.05 M MgCl2, 0.1M NaCl, 0.1% tween-20, 2 mM
levamisole) with one 5 min wash followed by two 15 min washes. Embryos were
then stained with 75 mg/ml Nitrotetrazolium Blue Chloride (NBT) and 50 mg/ml 5bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (BCIP) in staining buffer and
monitored on a steromicroscope. Once distinct staining was apparent, embryos
were rinsed in PBS-T (3 x 5 min). Stained embryos were re-fixed overnight in 4%
PFA/PBS at 4˚C. Fixed embryos were rinsed in PBS-T (3 x 5 min), and dehydrated in
122

methanol (25% MeOH/75% PBS-T, 50% MeOH/50% PBS-T, 75% MeOH/25% PBST, and 100% MeOH). After methanol dehydration, embryos were transferred to
Murray’s clearing solution (2:1 benzyl alcohol:benzyl benzoate) and stored at 4˚C.
Cleared embryos were imaged with a Leica stereomicroscope.

sncRNA probes
Linked Nucleic Acid (LNA) backbone probes for miRNAs and sncRNAs of interest
were ordered from Exiqon (Denmark, Germany). The scramble was a standard
probe for a sequence of nucleotides absent from the A. limnaeus sncRNA data, to
serve as a control. The mitosRNA-tRNA-cys probe was custom designed to target a
highly conserved region of the most differentially expressed mitosRNAs derived
from tRNA-cys. All probes were labeled with digoxigenin (DIG) at the 5’ and 3’ ends.
Scramble-miR (control):
5’-DIG- GTGTAACACGTCTATACGCCCA-DIG-3’ (product no. 99004-15)
mitosRNA-tRNA-Cys:
5’-DIG-AGTCCCGGCTGGCGAAT-DIG-3’ (custom made)

sncRNA in situ Hybridization in AL4 cells
The cell in situ hybridization technique described below was developed from
a double cell labeling protocol for miRNA and mitochondria in human cells 87 and
from miRNA in situ detection in mouse tissue sections 192. AL4 cells were grown to
confluence in L-15 medium supplemented with 20% FBS, 5 mM glucose, and 100
U/mL penicillin/streptomycin at 30˚C (Chapter 4). Confluent cells were split and
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seeded onto 12 mm glass coverslips in 12-well CytoOne tissue culture plates (USA
Scientific, Ocala, FL) at a 1:54 split ratio. After 3 - 4 h of seeding, cells were exposed
to anoxia. Cells were introduced to anoxia in a Bactron III anaerobic chamber
(Sheldon Manufacturing, Cornelius, OR), which maintained an atmosphere of 95%
nitrogen and 5% hydrogen. Original media was removed from each well and
replaced with 600 µl anoxic L-15 media supplemented with 8.5% FBS and 5 mM
glucose (Chapter 4). Cells were kept in anoxia at 30˚C for 24 h. After 24 h anoxia,
some wells were stained with 3 µM Mitotracker Deep Red (Molecular Probes,
Eugene, OR). After 30 min of staining (24.5 h anoxia), wells were rinsed with anoxic
PBS. Following the rinse, anoxic 4% PFA/PBS was added to each well. The well plate
was sealed with parafilm, removed from the chamber, and allowed to fix at 4˚C
overnight. Normoxic cells were also seeded, stained, and fixed in parallel to the
anoxic samples. After fixation, cells were rinsed with PBS (3 x 5 min), permeabilized
in chilled 100% methanol at -20˚C for 10 min, and rinsed in PBS (2 x 5 min).
Permeabilized cells were equilibrated to 1-MIB buffer (1.06 % 1-methylimidazole)
(Roche, Basel, Switzerland), 318 µM NaCl, pH = 8.0) by 10 min incubations at RT.
Cells were then fixed in 160 µM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) in 1-MIB buffer. Fixed embryos were washed with 0.2% Glycine in PBS for 5
min, followed by washes in PBS (2 x 5 min). Cells were prehybridized for 4 h at RT
in hybridization solution (50% deionized formamide, 5X SSC, 5X Denhardt’s
solution, 500 µg/ml salmon sperm DNA, 250 µg/ml yeast tRNA, 0.05 g/ml dextran
sulfate, 0.02 g/ml Roche Blocking Reagent) based on Obernosterer et al. 2007 192.
Cells were hybridized overnight at 37˚C in hybridization buffer with the addition of
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0.25% CHAPS, 0.1% tween-20, and 50 nM LNA probes (Exiqon, Denmark, Germany).
Probes were denatured prior to hybridization by heating to 90˚C for 5 min before
plunging into ice water. Following overnight hybridization, coverslips were rinsed
at 42˚C in 5X SSC for 5 min, followed by a 1 h incubation in 0.2X SSC at 42˚C. Cells
were then rinsed in PBS (3 x 5 min). Cells were blocked for 1 h at RT in 10% FBS in
PBS, and then incubated overnight in anti-Digoxigenin-AP (Roche, Basel,
Switzerland) diluted 1:2000 in block buffer. Signal was amplified using FastRed
(Sigma, St. Louis, MO), according to the manufacturer’s instructions. Nuclei were
stained with 1 µg/ml Hoechst (Molecular Probes, Eugene, OR) prior to mounting in
SlowFadeTM Gold Antifade Mountant (Molecular Probes, Eugene, OR). Slides were
imaged with a TCS SPE II confocal (Leica, Wetzler, Germany).

Oxygen and Glucose Deprivation (OGD) Exposure of AL4 cells for sncRNA sequencing
AL4 cell cultures were grown to confluence in 100 mm cell culture-treated
plates incubated at 30˚C without CO2, in complete medium without glucose.
Confluent cells were exposed to three conditions and prepared for small non-coding
RNA (sncRNA) sequencing. Cells were sampled prior to treatment (t=0), after 24 h
of anoxia without glucose or FBS (OGD), and after 24 h of normoxia with FBS but
without glucose. For each treatment 4 replicate confluent plates were sampled. For
the OGD treatment, cells were transferred into a Bactron III anaerobic chamber as
described above. Normoxic cell culture media was replaced with anoxic OGD L-15
cell culture medium. OGD media was made anoxic by first bubbling with nitrogen
gas for 30 min and then allowing the media to equilibrate in the anaerobic chamber
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overnight (Chapter 4). Cells were exposed to OGD at 30˚C 24 h. Growth factor
control samples were incubated at 30˚C under normoxic conditions in L-15 media
without glucose or FBS for 24 h. At each designated sampling point, RNA was
immediately extracted from the cells by removing the culture media and adding
TRIzolTM (7 mL) directly to the plate, causing the cells to detach and lyse. The TRIzol
was then transferred to a 15 mL polypropylene conical tube, and extracted
according to the manufacturer’s instructions. In the case of OGD cells, TRIzolTM was
added directly to the plate while still in the anaerobic chamber. RNA quality was
assessed by A260/A280 ratio and presence of bands corresponding to 18S and 28S
ribosomal subunits when RNA was run on a 2% agarose gel. A260/A280 ranged from
2.13 to 2.18 with a mean of 2.15 +/- 0.015 (Table S5.1). All samples used had
distinct ribosomal RNA bands. Total RNA was stored at -80˚C until library
preparation for small RNA sequencing. Small RNA cDNA libraries were prepared
from total RNA according to the manufacturer’s protocol as outlined in Chapter 2.
Small RNA sequencing was conducted using the Illumina HiSeq 2000, multiplexing
12 samples per lane. Sequence analysis was conducted as previously described 40.

Northern Blots
Northern blotting of mitosRNAs of interest was performed following Kim et
al. 2010 193, with slight modifications. RNA samples diluted in gel loading buffer II
(Thermo Fisher Scientific, Waltham, MA) were run on a 15% polyacrylamide, 7.5 M
urea gel (National Diagnostics, Atlanta, GA) and transferred to a positively charged
nylon membrane (Sigma, St. Louis, MO) by capillary action with 20X SSC and a
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TurboBlotter (GE Healthcare) transfer system. RNA was UV cross-linked to the
membrane for 4 min at 1200 x 100 µJ/cm2 using a UVP Hybrilinker. The nylon
membrane was prehybridized in ULTRAhyb ultrasensitive hybridization buffer
(Thermo Fisher Scientific, Waltham, MA) and incubated overnight at 37˚C in
hybridization solution with 2 nM LNA probe (double DIG-labeled) for the mitosRNAtRNA-cys and scramble. Hybrization solution was rinsed 2 x 15 min in a low
stringency wash (2x SSC, 0.1% SDS), 2 x 5 min in a high stringency (0.1x SSC, 0.1%
SDS), and 1 x 10 min in 1x SSC at 37˚C. The membrane was blocked for 3 h at RT in
blocking solution (0.1 M maleic acid, 0.15 M NaCl, 0.3% Tween-20, 2 mg/ml BSA, 5%
normal sheep serum (Jackson ImmunoResearch, West Grove, PA)) prior to a 30 min
incubation at RT in anti-digoxigenin-AP (Roche, Indianapolis, Indiana) diluted
1:10,000 in blocking solution. The membrane was washed 4 times at RT for 15 min
in DIG washing solution from the DIG Wash and Block Kit (Sigma, St. Louis, MO). The
membrane was equilibrated in 1x Detection Buffer from the DIG Wash and Block Kit
(Sigma, St. Louis, MO). Signal detected using CSPD (Sigma, St. Louis, MO), diluted
1:100 in Detection Buffer. Blots were incubated in CSPD solution for 15 min in the
dark prior to imaging. Blots were exposed to film for 15 min and developed
manually.

Inhibition of nuclear and mitochondrial transcription to assess mitosRNA biosynthesis
Transcription inhibition studies in conjunction with northern blots were
conducted to assess the possible contributions of nuclear and mitochondrial
transcription to generating mitosRNAs. AL4 cells were grown to confluence in
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complete cell culture medium as described in Chapter 4. Upon reaching confluence,
cells were treated with 0.4 µg/ml ethidium bromide (Sigma, St. Louis, MO) to inhibit
mitochondrial transcription 194 or with 10 µM actinomycin and 0.1% DMSO (Enzo
Life Science, East Farmingdale, NY) to inhibit nuclear transcription per the
manufacturer’s recommendations. Controls for actinomycin-treated cells were
treated with 0.1% DMSO. Cells were pre-incubated in inhibitors for 3 h, after which
the cells for the anoxic treatment were transferred into the anoxic chamber. Once in
the chamber the original media was replaced with anoxic media (L-15
supplemented with 8.5% FBS, 100 u/mL pen-strep, and 5 mM glucose) with the
appropriate concentrations of ethidum bromide, actinomycin, or DMSO to match
pre-treatment/normoxic conditions. Cells were incubated under experimental
conditions for 24 h prior to extraction of total RNA as described above.

Ribonuclease mRNA expression analysis
Expression of genes coding for ribonucleases was analyzed to look for patterns that
may support the role or lack thereof of ribonucleases in generating mitosRNAs.
mRNA expression for ribonucleases for WS 36 and WS 40 embryos, exposed to the
same sampling conditions as for the sncRNA sequencing, was mined from an
existing dataset 154, where data were analyzed according to methods in Romney et
al. 155.

RESULTS
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mitosRNAs are differentially expressed over development and in response to anoxia in
annual killifish embryos
Expression patterns of mitosRNAs vary over development and in response to
anoxia and recovery in embryos of the annual killifish Austrofundulus limnaeus. In
dormant D2 embryos the proportion of mitosRNAs relative to total sncRNAs is very
low despite exposure to anoxia and recovery (Figure 5.1a). However, in actively
developing post-D2 embryos the relative proportion of mitosRNAs is much higher,
and is positively correlated with anoxia tolerance. There is a particularly
pronounced increase in abundance in WS 36 (4 dpd) embryos (Figure 5.1a), which
is the most anoxia-tolerant post-D2 stage. A heat map of all differentially expressed
mitosRNAs (Figure 5.1b) reveals interesting stage-specific patterns. In D2 embryos,
most mitosRNAs are absent or lowly constitutively expressed across all treatments
(Figure 5.1b). Sequences are most highly differentially expressed in WS 36 embryos
with 2 dominating patterns, increased expression during anoxia or recovery. WS 40
(12 dpd) and WS 42 (20 dpd) embryos shared differential expression of some of the
same mitosRNAs identified in WS 36 embryos. However, the fold changes in
abundance are less dramatic than in the younger, more anoxia-tolerant WS 36
embryos (Figure 5.1b). The differentially expressed mitosRNAs are derived from
tRNA, rRNA, protein-coding, non-coding, and intergenic regions of the mitochondrial
genome (Figure 5.1c). Some mitosRNAs identified span multiple mitochondrial
genes or are in intergenic regions, such as mitosRNAs that annotate 2 nucleotides
upstream of tRNA-ser and extend into the tRNA (5.1d). Over 34 % of mitosRNAs are
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derived from mitochondrial tRNAs, and many of the most highly differentially
expressed sequences belong to this group.

Anoxia-responsive mitosRNAs are enriched for sncRNAs annotating to mito-tRNAs
While mitosRNAs encoded in many different regions of the mitochondrial
genome are differentially expressed in response to development and exposure to
anoxia and recovery, mitosRNAs derived from tRNAs comprise a high proportion of
those differentially expressed in response to anoxia and recovery (Figure 5.1b,c).
Further, there is an enrichment for tRNA annotations in those differentially
expressed compared to their representation in the identified catalog of A. limnaeus
sncRNA sequences.

MitosRNAs derived from mitochondrial tRNA-cys are highly anoxia-responsive
MitosRNAs derived from mitochondrial tRNA-cys increase in expression in
response to anoxia in WS 36 and WS 40 embryos (Figure 5.2a). The expression of
mitosRNAs derived from tRNA-cys can cluster into 3 main patterns. Cluster 1 is
comprised of mitosRNAs expressed highly in WS 36 embryos that are high during
normoxia, decrease in abundance after 4 h of anoxia, then regain high expression
after 24 h anoxia. Cluster 2 is a cluster of sequences that are constitutively
expressed in D2 embryos and increase in expression during recovery from anoxia in
WS 36 embryos (Figure 5.2a). The third and largest cluster of mitosRNA-tRNA-cys
sequences increase in expression at 24 h of anoxia in both WS 36 and 40 embryos,
though the fold change is muted in WS 40 embryos compared to the robust response
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in WS 36 embryos (Figure 5.2a). Northern blot analysis confirms induction of
mitosRNAs derived from tRNA-cys in response to anoxia in WS 36 and WS 40
embryos (Figure 5.2b). Northern blot analysis revealed three distinct bands
representing the mature tRNA, a slightly lower molecular weight variant of the
mature tRNA, and the mitosRNA-tRNA-cys whose expression is induced by anoxia
(Figure 5.2b). Interestingly, in response to anoxia the mature tRNA band decreased
in intensity and its variant increased in intensity. A band representing the small
non-coding RNAs annotating to mito-tRNA-cys appears strongly under anoxia, a bit
longer than 20 nucleotides long. This pattern is consistent with RNA data from
clusters 1 & 3 of Figure 5.2a. Differentially expressed mitosRNA-tRNA-cys fragments
are derived from both the 3’ and 5’ ends of the mature tRNA cysteine, but the
predominance of sequences in higher expression at 24 h anoxia are derived from
the 5’ end of the mature tRNA (Figure 5.2c,d).

Anoxia induces expression of mitosRNAs, including mitosRNA-tRNA-cys in the AL4 cell
line
mitosRNAs are also highly expressed in response to OGD in AL4 cells (Figure
5.3a). While not all mitosRNAs identified in whole embryos of A. limnaeus are
present in AL4 cells, a subset of mitosRNAs are identified and also increase in
expression in response to anoxia. MitosRNA-tRNA-cys sequences, like in whole
embryos, are also highly induced in response to anoxia (Figure 5.3c). Northern blot
analysis of AL4 cells reveals multiple size classes of mitosRNA-tRNA-cys sequences
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induced by anoxia (Figure 5.3b). The band around 20 nucleotides long corresponds
with variants identified in the RNA sequencing data (Figure 5.3a,b).

mitosRNAs-tRNA-cys subcellular localization
Mature tRNA-cys and mitosRNA-tRNA-cys sequences were identified in
whole cells and mitochondria of A. limnaeus. MitosRNA-tRNA-cys is particularly
enriched in the mitochondrial fraction of AL4 cells (Figure 5.4). MitosRNA-tRNA-cys
was identified throughout the cytoplasm in anoxic and normoxic cells and colocalized (visible in yellow) with the mitochondria by in situ hybridization (Figure
5.5). MitosRNA-tRNA-cys did not appear to localize to the nucleus, though the signal
was strong around the nucleus.

Inhibiting mitochondrial or nuclear transcription alters mitosRNA-tRNA-cys
expression
MitosRNA-tRNA-cys fragments were diminished when treated with ethidium
bromide, an inhibitor of mitochondrial transcription (Figure 5.6). Inhibition of
nuclear transcription with actinomycin treatment increased expression of
mitosRNA-tRNA-cys (Figure 5.6), indicating that these sncRNAs are not transcribed
by the nuclear genome.

Ribonuclease mRNA expression does not differ significantly over exposure to anoxia
and recovery
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RNases identified in the transcriptome of A. limnaeus, were not significantly
differentially expressed in response to anoxia and recovery in 4 dpd embryos (Table
5.1), indicating that increased mRNA expression of RNases is not supporting the
generation of mitosRNAs in A. limnaeus embryos during anoxia.

mitosRNAs localize to the trunk and head of the embryos
Highly differentially expressed mitosRNA-tRNA-cys was found throughout
the body of WS 40 embryos (Figure 7). This expression pattern is likely sequencespecific given that a scramble probe and no probe controls show very little staining.
Expression was particularly increased/strong around the developing gut, including
the liver and kidney. mitosRNA-tRNA-cys was also identified in the heart. In
response to anoxia, expression of mitosRNA-tRNA-cys increased throughout the
animal.

DISCUSSION
In an ever-expanding world of small non-coding RNAs, we describe
mitosRNAs associated with and responsive to anoxia in the most anoxia tolerant
vertebrate, A. limnaeus. MitosRNAs are particularly abundant and highly
differentially expressed in WS 36 embryos, the most anoxia-tolerant stage of
actively developing embryos. MitosRNA abundance and differential expression
positively correlate with anoxia tolerance of metabolically active embryos. A high
proportion of differentially expressed mitosRNAs are derived from mitochondrial
tRNAs. MitosRNAs derived from mitochondrial tRNA-cysteine are highly
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differentially expressed in response to anoxia and recovery in WS 36 and WS 40
embryos, as well as AL4 cells derived from A. limnaeus. In situ images reveal that
mitosRNA-tRNA-cys is found throughout the cytoplasm in addition to co-localizing
with mitochondria. Inhibition of mitochondrial and nuclear transcription in AL4
cells altered expression of mitosRNA-tRNA-cys in a manner that suggests de novo
expression of the mitosRNA-tRNA-cys sequence in response to anoxia. Whole mount
in situ hybridization revealed that mitosRNA-tRNA-cys is expressed in tissues
throughout the embryo, particularly localized to the trunk and organs in the gut. The
evidence presented here suggests a novel role for mitosRNA-tRNA-cys in anoxia
tolerance as discussed below.

stress-responsive mitosRNAs may play a role in inhibition of protein synthesis
The description of anoxia-responsive mitosRNAs in A. limnaeus is the first
account of stress-responsive mitosRNAs. MitosRNAs have previously been
described in human and mouse cells under normal conditions, but have yet to be
characterized in response to stress. Interestingly, however, nuclear tRNA-derived
fragments (tRFs) have been well characterized as stress-responsive in a wide range
of taxa, ranging from yeast to plants and human cells 77,82,195. Numerous stressors,
including hypoxia and heat stress, as well as viral infection, induce the expression of
nuclear tRFs 84.
Recent advances have been made into understanding the function of tRFs in
the cell. It is possible that the stress-responsive mitosRNAs derived from tRNAs
identified here may have similar function as nuclear stress-responsive tRFs. In
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breast cancer cells, tRFs suppress the advancement of the cancer by destabilizing
the expression of many pro-oncogenes 196. Nuclear-derived tRFs also inhibit
angiogenesis in response to ischemia 197, and modulate cell proliferation and DNA
damage 198. In Arabidopsis thaliana, tRFs target transposable elements and help
stabilize the genome under stress 21, however this is not a suitable functional
explanation for the mitosRNAs described here since they do not localize to the
nucleus. Multiple examples document tRFs functioning to inhibit protein synthesis.
In the halophilic archaeon Haloferax volcanii tRFs inhibit translation by binding to
the ribosome 20. In human cells, 5’ tRFs inhibit global protein synthesis 82. Some 5’
tRFs bind to initiation factors and taking them away from mRNA 199. While tRFs
have diverse roles, it is interesting that inhibition of protein synthesis surfaces
multiple times in the literature.
A role in inhibiting protein synthesis fits with the biology of A. limnaeus.
Entry into metabolic depression is central to A. limnaeus’ ability to tolerate anoxia,
and shutting down protein synthesis is a common component of metabolic
depression 8. It appears that mitosRNAs are associated with this entry into
metabolic depression, especially since mitosRNAs are not abundant and
differentially expressed in D2 embryos that are already metabolically depressed, but
are very abundant and highly differentially expressed in WS 36 embryos, which
have the same level of anoxia tolerance but are metabolically active. Additionally, D2
embryos already have depressed protein synthesis 31, so if mitosRNAs are playing a
role in suppression of protein synthesis it would make sense that they are absent in
D2 embryos. In the post-D2 metabolically active stages, mitosRNA expression is
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positively correlated with anoxia tolerance. Interestingly, this also correlates with
heart rate, a proxy for metabolic depression. In WS 36 embryos, heart rate
plummets from about 60 bpm to 0 bpm within 30 h of anoxia, while in WS 40
embryos heart rate drops to about 10 bpm (severe bradycardia), but is sustained
through anoxia 6. The differential expression of mitosRNAs in WS 40 embryos is
muted compared with WS 36 embryos, suggesting that mitosRNAs may play a role
in entry into profound metabolic depression. Given the expression of mitosRNAs in
the context of A. limnaeus biology, and the preponderance of stress-responsive tRFs
inhibiting protein synthesis in the literature, we hypothesize that anoxia-responsive
mitosRNAs are involved in inhibition of protein synthesis in A. limnaeus embryos.

Anoxia-responsive mitosRNAs are likely transcribed de novo
The mechanisms of mitosRNA generation have yet to be clearly elucidated,
and multiple mechanisms of nuclear tRF generation have been reported. microRNA
biogenesis components, DICER and Argonaut, were identified in mitochondria of rat
hippocampus 200, though these same proteins were absent from mitochondria
isolated from humans cells 17, indicating that mitochondria of different species differ
in which, if any, components of the miRNA machinery they house. In mammals,
angiogenin cleaves mature tRNAs in response to stress, resulting in tRFs 201. In other
species, tRFs are generated by specific RNases such as by the miRNA-generating
enzymes, drosha and DICER 198. To our knowledge, however, other studies on
mitosRNAs and nuclear tRFs have not investigated the possibility of de novo
mitochondrial transcription.
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Multiple pieces of evidence strongly support the de novo mitochondrial
transcription of mitosRNAs in A. limnaeus. The diminished mitosRNA-tRNA-cys
band in response to ethidium bromide, an inhibitor of mitochondrial transcription,
strongly indicates that these mitosRNAs are transcribed by the mitochondrial
genome. While ethidium bromide is well-known for its DNA intercalating activity, it
has also been shown to be a potent and specific inhibitor of mitochondrial
transcription 194,202. Furthermore, in the northern blot analysis of mitosRNA-tRNAcys in whole embryos, there appears to be an inverse relationship between the
mature tRNA and a slightly shorter variant in response to anoxia, however the
appearance of the mitosRNA band around 20 nucleotides under anoxia appears to
add to the overall total RNA detected by the mitosRNA-tRNA-cys probe, suggesting
more overall RNA expressed. The increase in expression of mitosRNAs in cells
treated with actinomycin, an inhibitor of nuclear transcription, provides strong
evidence that these mitosRNAs are not transcribed in the nucleus, and may have
even been induced by the stress of inhibiting nuclear transcription. Further, some
mitosRNAs span multiple gene sequences and annotate to intergenic regions. These
patterns provide evidence that mitosRNAs are not simply degradation or cleavage
products of mature tRNAs, but are transcribed de novo. This provides evidence of
yet another way of generating tRNA fragments, suggesting that their role in the cell
is important enough for multiple biogenesis mechanisms to have evolved.
Additionally, de novo transcription of these mitosRNAs during anoxia suggests that
they are necessary sequences to transcribe, since ATP supply is limited and the
organism must be judicious about energy use.
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MitosRNA localization and potential role in mito-nuclear communication

Northern blot analysis shows that mitosRNA-tRNA-cys sequences are
enriched in the mitochondrial fraction of the cell, indicating that they are present in
the mitochondria and are more abundant in the mitochondria than in the whole cell.
Though the cellular fractionation method is imperfect and may result in bursting of
some mitochondria, mitosRNA-tRNA-cys are also abundant in the cytoplasmic
fraction. Coupled with the in situ hybridization images, there is strong evidence for
mitosRNA-tRNA-cys fragments in the mitochondria and throughout the cytoplasm.
Under anoxia, much of the cytoplasm, particularly near the nucleus, is yellow in the
in situ stains, indicating overlap of the mitochondrial signal and of the mitosRNAtRNA-cys signal. There are also some areas that are green (+ for mitosRNA-tRNAcys), indicating that these mitosRNAs may be exported from the mitochondria into
the cytoplasm. This is plausible, given that in human cells various tRNAs are
exported from the mitochondria into the cytoplasm, and tRNA-methionine
associates with Argonaut in the cytoplasm 203. Under normoxia, mitosRNA-tRNA-cys
in situ staining is much brighter (possibly due to higher cell confluence) and is
clearly present throughout the cytoplasm. The strongest co-localization signal is
near and around the nucleus, possibly due to increased mitochondrial density in this
area. Looking at the channels separately it is easier to identify perinuclear clustering
of the mitochondria and mitosRNA-tRNA-cys signal throughout the mitochondria.
Since the mitosRNA-tRNA-cys sequences appear to be de novo transcribed in the
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mitochondrial genome and found in the cytoplasm of the cell, this indicates that
these sequences are exported from the mitochondria. Presence in the cytoplasm and
nucleus could allow these mitosRNAs to influence gene expression and physiology
of both mitochondrial and nuclear genomes. Since the mitochondria are the site of
oxygen use in the cell, and mitochondria can sense limited oxygen and trigger
signaling to the nuclear genome 204,205, perhaps these mitosRNAs could be a
form/component of this signaling. The dogma has been that the mitochondrial
genome is under the control of the nuclear genome, however, evidence of retrograde
communication (from the mitochondria to the nucleus) is mounting 206,207.
Additionally, in a recent description of smithRNA (small mitochondrial highlytranscribed RNAs) the researchers hypothesize that these sncRNAs may be exported
from the mitochondria and act on nuclear gene expression, and discuss the idea that
this could be a new form of retrograde communication 149. Our data support that
this could be occurring in A. limnaeus cells, and add impetus for further
experimentation to test this hypothesis.
Additionally, the strong perinuclear colocalization signal of mitosRNA-tRNAcys with mitochondria, particularly in normoxic cells, indicates that these
mitosRNAs may function within mitochondria near the nucleus. A recent study
found that perinuclear localization of mitochondria in response to hypoxia 208
generates a ROS-rich environment in the nucleus, which leads to alterations in gene
expression. From the current images, we have not statistically distinguished any
differences in mitochondrial localization under anoxia and normoxia, but it looks
possible that the mitochondria are clustered near the nucleus in both normoxic and
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anoxic cells. If this is the case, there may be a relationship between this clustering, a
potential increase in ROS, and the mitosRNAs co-localizing with perinuclear
mitochondria. ROS, however, has yet to be studied in A. limnaeus and a better
understanding of ROS production will be helpful in further developing our model of
A. limnaeus cell biology in response to anoxia.

Proposed model
The mitosRNA signature in anoxia-tolerant A. limnaeus embryos strongly
suggests mitosRNAs play an important role in anoxia-tolerance in A. limnaeus. The
diversity and abundance of mitosRNAs that are differentially expressed in response
to anoxia and recovery, with similar expression patterns, lead us to hypothesize that
these sequences are acting in a global manner, rather than each sequence having a
specific mRNA target. We propose that in actively developing anoxia-tolerant A.
limnaeus embryos, mitosRNAs are transcribed de novo in the mitochondrial genome
continuously, but transcription increases during anoxia itself. We propose that
mitosRNAs are either preferentially transcribed in perinuclear mitochondria, or
they are transcribed in all mitochondria but mitochondria cluster in the perinuclear
region. We hypothesize that they are found throughout the cells of the embryo and
increase in expression globally in response to anoxia. Since they are highly
differentially expressed in actively developing anoxia-tolerant embryos that require
profound metabolic depression to survive anoxia, we hypothesize that these
mitosRNAs play a role in coordinating metabolic depression, perhaps through
suppression of protein synthesis. Based on the localization patterns, we hypothesize
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that these mitosRNAs affect mitochondrial and nuclear protein synthesis. In order to
test these hypotheses and further elucidate the role of mitosRNAs in A. limnaeus,
continued experimental testing of their function will be necessary. Inhibition of
mitosRNA production and specific mitosRNAs, as well as over expression of
mitosRNAs and anoxia tolerance assays will be an important step in confirming
their critical importance in anoxia tolerance of A. limnaeus embryos.
Immunoprecipitation experiments to investigate targets of these mitosRNAs will
also be instrumental in understanding their function. The data shown here reveal an
exciting and potentially novel mechanism of cell biology that deserves further study.
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Figure 5.1. MitosRNAs are differentially expressed over development and in response to anoxia in A.
limnaeus embryos and is enriched for tRNAs.
(A) Sum of normalized expression of all mitosRNAs identified within each embryonic stage (D2, 4
dpd, 12 dpd, 20 dpd) under each treatment (normoxia, early anoxia, late anoxia, early recovery, late
recovery). (B) Heatmap of all mitosRNAs differentially expressed (normalized mean expression
across all samples > 25, log2 fold change > 2, adjusted p < 0.01) in response to anoxia and recovery in
at least one embryonic stage studied. Log2 fold change values are calculated relative to the mean
expression across all samples. Yellow indicates an increase in abundance relative to the mean. Blue
indicates a decrease in expression relative to the mean. Missing values are shown in grey. Expression
pattern is displayed for each stage for comparison, even though mitosRNAs may not be differentially
expressed in all embryonic stages. Asterisk (*) indicate mitosRNAs annotating to tRNAs. (C)
Annotation distribution of differentially expressed mitosRNAs throughout the mitochondrial
genome. Differentially expressed mitosRNAs annotate throughout the mitochondrial genome noncoding, protein, tRNA, and rRNA-coding regions, as well as intergenic regions (“mito-other”). (D)
Screen shot from genome browser Geneious showing sncRNAs annotating to tRNA-ser upstream of
the start of the gene.
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Figure 5.2. MitosRNA-tRNA-cys variants are strongly induced in response to anoxia in anoxiatolerant A. limnaeus embryos. (A) Heat map of differentially expressed mitosRNA-tRNA-cys
sequences. Refer to Figure 5.1 for heatmap details. (B) Northern blot showing that mitosRNA-tRNAcys small RNAs are strongly enriched/upregulated during anoxia in 4 dpd and 12 dpd embryos. Small
RNA band around 20 nucleotides represents variants of mitosRNA-tRNA-cys, displayed in panel A. 3
µg RNA was loaded per well and blot was hybridized with 0.5nM mitosRNA-tRNA-cys probe. (C)
Alignment of differentially expressed mitosRNAs mapping to mature mitochondrial tRNA-cysteine 98.
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Graphs shows sum of normalized read counts (y axis) plotted for each base of the mature tRNA (x
axis) at each stage of development. Black indicates read expression during normoxia and grey
indicates read expression during late anoxia (24 hrs anoxia for D2, 4 dpd, and 12 dpd embryos; 6 hrs
anoxia for 20 dpd embryos).
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Figure 5.3. MitosRNA-tRNA-cys sequences are present and induced in response to OGD in the AL4
cells line. (A) Heat map of mitosRNAs differentially expressed in response to ischemia in cell culture
of anoxia tolerant cell line derived from A. limnaeus embryos (AL4). Log2 fold change is calculated
relative to normoxic control without FBS. For heat map details see Figure 5.1 caption. Several
mitosRNAs annotating to mitochondrial tRNA-cys highly increase in expression in response to
ischemia (24 hours without oxygen or growth factors). (B) Northern blot of mitosRNAs-tRNA-cys
shows increased expression of mitosRNAs derived from tRNA-cys during anoxia. Expression of
mitosRNAs of variable size are induced by anoxia. 20 µg RNA was loaded for normoxic and anoxic
cells and blot was hybridized with 2nM of mitosRNA-tRNA-cys probe. Note: smear of RNA at top of
blot is due to need to load high amount of RNA in order to see mitosRNAs appear. This is likely due to
relatively low expression of mitosRNAs in the cells.
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Figure 5.4. Northern blot analysis of subcellular localization of mitosRNA-tRNA-cys in the AL4 cell
line. 5 µg RNA was loaded in each well and blots were hybridized with 0.5 nM mitosRNA-tRNA-cys
probe. Cells were treated with anoxia for 24 or 49 hours. mitosRNAs derived from tRNA-cys, around
20-30 nucleotides long, are enriched in the mitochondrial fraction and in response to anoxia. M =
mitochondria; C = non-mitochondrial cytoplasmic fraction.
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Figure 5.5. In situ hybridization of mitosRNA-tRNA-cys shows co-localization with mitochondria
under normoxia and anoxia. At 70-80% confluence, AL4 cells were exposed to anoxia or normoxia for
24 hrs and sampled for in situ hybridization. Normoxic and anoxic cells were stained with
Mitotracker Deep Red ™ prior to in situ hybridization with mitosRNA-tRNA-cys probe, a scramble
probe, or no probe. Cells were stained with Hoechst at the end of the procedure. Images show the
three channels separately and merged for Hoechst, mitotracker, and the sncRNA probe. Merged
images reveal co-localization of mitochondria and mitosRNA-tRNA-cys. Note: due to the
experimental design, normoxic cells had longer to grow and resulted in more confluent samples,
which may have altered mitosRNA expression.
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Figure 5.6. Northern blot for mitosRNA-tRNA-cys in cells treated with ethidum bromide or
actinomycin to inhibit mitochondrial and nuclear transcription, respectively. Cells were pre-treated
with ethidium bromide (0.4 µg/mL) to inhibit mitochondrial transcription or with actinomycin (10
µM) to inhibit nuclear transcription for 3 hours prior to 24 hrs of anoxia or normoxia. Actinomycintreated cells also received 0.1% of DMSO. Therefore, cells treated with DMSO (0.1%) were sampled
as a control. “N” indicates normoxia and “A” indicates 24 hours of anoxia. 20 µg RNA was loaded each
sample and blot was hybridized with 2 nM mitosRNA-tRNA-cys probe.
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Figure 5.7. Whole mount in situ hybridization of mitosRNA-tRNA-cys in 12 dpd embryos. 12 dpd
embryos were sampled during normoxia, after 24 hours anoxia, and 24 hours recovery. Whole mount
in situ hybridization of mitosRNA-tRNA-cys revealed presence of mitosRNAs derived from tRNA-cys
throughout 12 dpd embryo tissue, and increased expression during anoxia. Embryos treated with
scramble sequences or no probe did not develop staining.
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Table 5.1. mRNA expression data for ribonucleases in WS 36 embryos under anoxia and recovery.
Log2 fold change and adjusted p-value are shown for each sequence.

gene name

t0

4 hr A

24 hrA

2 hrR

24 hrR

log2
Fold
Chang
e

padj

dicer 1, ribonuclease type III
DIS3 homolog, exosome endoribonuclease and
3'-5' exoribonuclease

3.77

5.34

4.80

7.43

7.50

-0.50

0.62

13.28

14.01

11.23

9.72

14.76

-0.08

0.00

DIS3 like exosome 3'-5' exoribonuclease

12.51

8.31

10.99

8.91

12.98

0.59

0.34

DIS3 like 3'-5' exoribonuclease 2

17.26

15.62

11.72

13.25

16.51

0.14

0.01

drosha, ribonuclease type III

8.73

9.55

11.17

10.45

10.48

-0.13

0.57

decapping exoribonuclease

7.36

5.84

6.54

4.92

6.67

0.33

0.35

elaC ribonuclease Z 1

2.98

2.59

1.81

2.23

2.79

0.20

0.64

17.94

13.62

12.89

13.34

15.02

0.40

0.29

1.65

1.32

1.22

1.22

1.38

0.33

0.55

13.61

16.00

14.68

16.80

17.36

-0.24

0.67

ribonuclease-like 3
serine/threonine-protein
kinase/endoribonuclease IRE1-like

5.24

3.48

4.90

2.46

8.64

0.59

0.13

0.05

0.06

0.03

0.09

0.05

-0.50

0.90

poly(U)-specific endoribonuclease-C-like

9.79

12.09

21.38

11.05

10.81

-0.30

0.00

10.26

11.58

11.43

9.72

7.05

-0.17

0.19

0.04

0.15

0.18

0.34

0.22

-2.04

0.10

0.05

0.15

0.14

0.27

0.26

-1.58

0.23

1.91

1.17

1.04

0.83

2.64

0.70

0.00

1.47

1.81

2.40

2.09

2.06

-0.30

0.06

poly(U)-specific endoribonuclease-C-like

5.12

9.31

5.93

8.14

7.00

-0.86

0.37

poly(U)-specific endoribonuclease-B-like
ribonuclease ZC3H12A-like, transcript variant
X1
ribonuclease P protein subunit p25-like
protein

0.88

1.46

1.34

1.47

1.52

-0.75

0.64

0.69

0.55

0.37

0.88

0.83

0.33

0.00

14.08

12.00

14.87

11.73

11.08

0.23

0.90

probable ribonuclease ZC3H12C

1.94

3.16

4.39

4.30

2.70

-0.71

0.58

ribonuclease inhibitor-like

1.56

2.17

2.37

1.81

2.11

-0.47

0.50

ribonuclease H-like

3.10

4.26

2.71

3.83

4.39

-0.46

0.73

ribonuclease ZC3H12A-like

0.11

0.14

0.06

0.13

0.15

-0.31

0.49

probable ribonuclease ZC3H12C

4.62

2.61

2.95

3.08

5.61

0.82

0.00

ribonuclease P protein subunit p21-like
PAN2 poly(A) specific ribonuclease subunit,
transcript variant X1

21.47

20.60

30.23

16.88

18.59

0.06

0.57

12.88

12.25

11.55

10.13

13.04

0.07

0.00

PAN3 poly(A) specific ribonuclease subunit
poly(A)-specific ribonuclease, transcript
variant X1
POP1 homolog, ribonuclease P/MRP subunit,
transcript variant X1

6.16

8.11

4.83

9.87

9.32

-0.40

0.69

24.21

22.64

19.70

18.97

25.65

0.10

0.00

8.35

5.37

4.22

5.08

6.88

0.64

0.00

POP4 homolog, ribonuclease P/MRP subunit

21.06

18.06

19.97

15.15

21.23

0.22

0.12

POP5 homolog, ribonuclease P/MRP subunit,

14.27

12.48

10.44

9.47

11.43

0.19

0.14

exoribonuclease 1
ERI1 exoribonuclease family member 2
poly(U)-specific endoribonuclease-C-like

ribonuclease UK114-like
probable ribonuclease ZC3H12B, transcript
variant X1
probable ribonuclease ZC3H12B, transcript
variant X1
ribonuclease P protein subunit p25-like,
transcript variant X1
serine/threonine-protein
kinase/endoribonuclease IRE1-like
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transcript variant X1
POP7 homolog, ribonuclease P/MRP subunit

11.87

8.73

12.10

7.64

9.24

0.45

0.14

ribonuclease H1, transcript variant X1

38.54

30.58

32.77

23.96

34.39

0.33

0.41

ribonuclease H2, subunit A
ribonuclease H2, subunit B, transcript variant
X1
ribonuclease H2, subunit C, transcript variant
X1

13.07

13.64

11.23

13.03

12.12

-0.06

0.74

20.90

18.60

23.68

16.04

13.70

0.17

0.20

13.02

10.84

14.59

8.52

9.61

0.27

0.14

ribonuclease, RNase K

72.29

54.35

78.25

54.58

52.04

0.41

0.46

2.10

3.75

2.76

4.17

3.96

-0.84

0.72

39.45

26.48

35.71

25.53

24.91

0.58

0.38

13.87

11.12

17.80

11.05

12.21

0.32

0.56

4.32

3.92

3.35

3.77

4.04

0.14

0.13

16.01

13.15

21.21

15.30

13.23

0.28

0.15

14.25

13.82

15.48

14.69

10.56

0.04

0.88

5'-3' exoribonuclease 1

7.25

7.01

5.03

6.48

8.21

0.05

0.08

5'-3' exoribonuclease 2

23.47

25.92

24.70

28.41

26.43

-0.14

0.64

ribonuclease T2, transcript variant X1
ribonuclease P/MRP 14kDa subunit, transcript
variant X1
ribonuclease P/MRP 30kDa subunit, transcript
variant X1
ribonuclease P/MRP 38kDa subunit
ribonuclease P/MRP 40kDa subunit
SWT1 RNA endoribonuclease homolog (S.
cerevisiae)
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Chapter 6:
Summary and Future directions
Vertebrate survival of anoxia is rare and remarkable, and is characterized by
dramatic changes in cell physiology to support entry into metabolic depression.
Previous work has identified only a handful of vertebrates that tolerate long-term
anoxia, including the annual killifish A. limnaeus that exhibits a range of anoxia
tolerance levels. Since sncRNAs have emerged as important regulators of gene
expression, with involvement in practically every aspect of physiology and cell
biology, examining their role in anoxia tolerance – which requires rapid and
dramatic changes to physiology – promised to generate novel and potentially
transformative information concerning cell physiology of extremely anoxia tolerant
organisms. While a few studies have examined specific miRNAs, we present here the
first documentation of global sequencing of sncRNAs in anoxia-tolerant vertebrates.
Sequencing sncRNAs in multiple stages of A. limnaeus embryos (ranging in anoxia
tolerance), anoxia-tolerant cells derived from A. limnaeus, and brain tissue of the
other known anoxia-tolerant vertebrates has provided a broad assessment of
sncRNAs in extreme anoxia tolerance – and material for studies for decades to come.
This project has identified differentially expressed sncRNAs in anoxia-tolerant
organisms and used a comparative approach to identify sncRNAs with a putative
role in anoxia tolerance. These studies revealed the potential role of mitosRNAs,
mitochondria-derived sncRNAs, as regulators of metabolic depression in anoxiatolerant A. limnaeus embryos.
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The major accomplishments and contributions of this body of work to the
scientific community include extensive sncRNA datasets from the most highly
anoxia-tolerant vertebrates, the development of an anoxia-tolerant cell line, and the
generation of substantial interest in mitosRNAs as a potential key player in anoxia
tolerance and possibly a new mode of mito-nuclear communication. The sncRNA
datasets generated will be an invaluable tool for future research, particularly as
complementary mRNA datasets are generated for some of the species, allowing
further detailed analysis of sncRNA expression and target prediction. The AL4 cell
line, as the first anoxia-tolerant cell line established, will also be an invaluable
resource. This cell line provides the possibility for targeted mechanistic studies as
well as genetic and chemical manipulation and imaging.

Major findings of Chapter 2
Embryos of A. limnaeus display a range of anoxia tolerance phenotypes.
Extensive analysis of sncRNA patterns in embryonic stages of A. limnaeus ranging in
anoxia tolerance revealed distinct sncRNA expression and patterns in response to
exposure to anoxia and recovery. Notably, dormant diapause 2 (D2) embryos
differed dramatically in their sncRNA expression and response to anoxia and
recovery from metabolically active, actively developing post-diapause 2 embryos.
D2 embryos differentially expressed few (35) sncRNAs in response to anoxia, while
the most anoxia-tolerant metabolically active embryos (WS 36) differentially
expressed over 700 sncRNAs. We identified a relationship between anoxia tolerance
and number of sncRNAs differentially expressed in response to anoxia and recovery
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in metabolically active, post-diapause 2 embryos. The expression patterns suggest
that in actively developing, metabolically active post-D2 embryos, sncRNAs may
play an important and active role in anoxia tolerance. In the most anoxia-tolerant
actively developing embryos, many of the differentially expressed sncRNAs were
upregulated during recovery, indicating that sncRNAs may play an important role in
the transition from anoxia back to normoxia. In all phenotypes, known hypoxiaresponsive miRNAs as well as novel sncRNAs, yet to be described elsewhere, were
identified. The study generated great interest in mitosRNAs, a class of sncRNAs
derived from the mitochondrial genome. In A. limnaeus, mitosRNAs are most
abundant and highly differentially expressed in response exposure to anoxia and
recovery in WS 36 embryos. Expression is absent or very low in dormant D2
embryos, suggesting that these sequences might be particularly important in anoxia
tolerance of metabolically active embryos. MitosRNA expression patterns were
often similar in all post-D2 stages, however the expression fold changes were muted
in response to anoxia in WS 40 and WS 42 embryos, which are less anoxia tolerant.
These expression patterns suggest a putative role in supporting anoxia tolerance,
particularly the entry into hypometabolism via anoxia-induced quiescence,
characterstic of post-D2 embryos. In sum, this extensive sampling and analysis of
sncRNAs in embryos of A. limnaeus allowed us to identify particular classes of
mitosRNAs that we propose are important to supporting anoxia tolerance in A.
limnaeus.

Major findings of Chapter 3
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After comparing the sncRNA profiles of A. limnaeus embryos ranging in
anoxia tolerance level we sought to compare the sncRNA profiles and expression
responses to anoxia and recovery in other anoxia-tolerant vertebrates. Crucian carp,
western painted turtle, leopard frog, and epaulette shark were exposed to anoxia
and recovery. Due to methodological constraints of working with larger adult
animals, brain tissue was sampled at each time point for sncRNA sequencing instead
of the whole animal in the case of the embryo. Since the brain is one of the most
anoxia-sensitive organs in the body we hypothesized that it would be a good
location to examine the sncRNA response. Surprisingly, we did not identify a
common sncRNA response to anoxia among these anoxia-tolerant vertebrates. Each
organism studied exhibited distinct sncRNA profiles in response to anoxia and
recovery. While there was no shared pattern of sncRNA differential expression in
response to anoxia among all species, sncRNA transcriptomes were broadly similar
among species during normoxia. Additionally, the strong signature of mitosRNAs
identified in A. limnaeus embryos was not robust in brain tissue of the anoxia
tolerant vertebrates. While mitosRNAs were identified in each species, only a few
sequences were differentially expressed in the western painted turtle, epaulette
shark, and leopard frog. The lack of differentially expressed mitosRNAs in other
anoxia-tolerant vertebrates may be due to sampling only adult brain tissue, but it is
also possible that mitosRNAs evolved specifically in A. limnaeus to support anoxia
tolerance. In conclusion, anoxia-tolerant vertebrates employ distinct sncRNA
mechanisms to support their tolerance, suggesting convergent evolution of the role
of sncRNAs in anoxia tolerance.
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Major findings of Chapter 4
To allow more detailed study of sncRNAs, particularly mitosRNAs, in A.
limnaeus, we derived an anoxia-tolerant continuous cell line from embryos of A.
limnaeus. Chapter 4 describes the establishment and characterization of the AL4 cell
line. AL4 cells were derived from the head region of WS 40 embryos and display
normal growth when cultured in L-15 medium supplemented with 8.5% FBS, 5 mM
glucose, and 100 units/mL pen-strep. Proteomic characterization of the cells
indicates that they are neural in origin, and potentially neural stem cells. This is
consistent with the derivation of this cell line from the head region of the embryo.
AL4 exhibits extreme anoxia tolerance, with the majority of cells living over 26 days
of anoxia, and many surviving over 49 days without oxygen. This far surpasses the
anoxia tolerance of WS 40 embryos, from which these embryos were derived. This
suggests that we isolated cells from A. limnaeus that are extremely anoxia tolerant
and therefore not the limiting factor in anoxia tolerance in a whole embryo. The
establishment of this cell line provides opportunity for detailed study of the role of
sncRNAs in anoxia tolerance in A. limnaeus.

Major findings of Chapter 5
MitosRNAs were identified as particularly compelling sncRNAs to further
examine due to sequence expression patterns that support a putative role in anoxia
tolerance in A. limnaeus. In Chapter 5, we focus in on mitosRNAs in A. limnaeus,
using the whole embryos and AL4 cell line for experiments. MitosRNAs are highly
157

differentially expressed in response to anoxia in anoxia-tolerant metabolically active
embryos. MitosRNAs derived from tRNAs comprised a large proportion of
differentially expressed mitosRNAs. Focus on mitosRNAs derived from tRNA-cys
revealed co-localization with mitochondria and evidence for de novo transcription of
these sequences in the mitochondria. In sum, expression patterns of mitosRNAs
support them playing a critical role in anoxia tolerance in A. limnaeus embryos. We
confirmed presence and differential expression of these sequences in the AL4 cells
and showed evidence of the presence of mitosRNA-tRNA-cys in the mitochondria
and cytoplasm, and provide evidence of de novo transcription.

Future research directions
This body of work has generated considerable interest in mitosRNAs, given
their unique expression in A. limnaeus and limited expression in other anoxiatolerant species. In context of the growing body of literature on mitosRNAs, further
understanding the role of mitosRNAs in anoxia-tolerant A. limnaeus embryos is
compelling. Additionally, further studying mitosRNAs may uncover a new mode of
mito-nuclear retrograde communication in the form of products from the
mitochondrial genome (sncRNA) signaling to products of the nuclear genome
(mRNAs or translational machinery). This has the potential to transform our current
understanding of cell biology, which has far-reaching implications beyond the
anoxia tolerance of A. limnaeus. Globally or specifically inhibiting mitosRNAs and
studying the effect of this on anoxia tolerance, as well as other stresses, in A.
limnaeus embryos or cells will be important for defining the role of mitosRNAs.
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Inhibiting transcription in embryos or cells and testing anoxia tolerance is an
important next step in assessing the role of de novo transcription in anoxia
tolerance. Following this up with a targeted approach to inhibit mitosRNAs, globally
or individually, and an anoxia-tolerance assay will confirm the role of these
sequences in anoxia tolerance. Overexpression of mitosRNAs, or the mechanisms
producing them, may also be an avenue to assess their role. Overexpressing
mitosRNAs in anoxia-sensitive A. limnaeus embryos or cells (from other species)
could further aid in our understanding of mitosRNAs.
Further experimentation on the localization of mitosRNAs will also be
important in understanding their biology. The experiments presented in Chapter 5
should be repeated but with cell density normalized. Since all cells were grown to
70-80% confluence, and then either subjected to anoxia or normoxia for 24 hours,
the normoxic cells grew much denser than the anoxic cells. It appears that cell
density may have an effect on mitosRNA expression, since in the in situ images the
mitosRNAs have a stronger signal under normoxia, which is not consistent with cell
culture sequencing data and northern blots. Keeping cell density constant will be
important for evaluating mitosRNA expression and localization. Additionally,
analyzing mitosRNA distribution in normoxia and anoxic cells seeded at equal
density will be useful in assessing perinuclear mitochondrial and mitosRNA
localization.
Experimentation to characterize the presence and changes in ROS (reactive
oxygen species) will also be important in further developing our model of mitosRNA
biology in A. limnaeus. Increase in ROS has been widely characterized as a
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phenomenon associated with the transition from anoxia back into an oxygenated
environment, and is damaging to macromolecules. Managing the effects of ROS is
therefore paramount to surviving anoxia. Investigating ROS levels and A. limnaeus’
ability to avoid or mitigate the effects of ROS upon reentry into normoxia is an
important component of understanding the unique anoxia tolerance of A. limnaeus.
The work conducted here on sncRNAs only further indicates the importance of
investigating ROS in A. limnaeus. In Chapter 2, many miRNAs associated with
regulating or responding to ROS in the literature were identified in A. limnaeus
embryos with expression patterns consistent with a role in ROS biology. These
sequences were highly increased in expression during recovery from anoxia,
indicating that they likely play a role in the transition from anoxia to normoxia in
embryos of A. limnaeus. In addition to these miRNAs with known involvement in
ROS biology, many other sncRNAs also increased in expression during recovery,
suggesting that sncRNAs play an active role in the transition from anoxia to
normoxia. Furthermore, the abundance of mitosRNAs highly differentially
expressed in response to anoxia and recovery in anoxia tolerant A. limnaeus
embryos suggests the mitochondria may play an important role in anoxia tolerance,
by way of the mitosRNAs. Since ROS is primarily generated in the mitochondria
during reperfusion, there may be a link between ROS patterns and these mitosRNAs.
In sum, since an increase in ROS is a common challenge to organisms faced with
anoxia, better understanding its patterns and any potential relationship between
sncRNAs and managing ROS will prove valuable for the field of anoxia-tolerance
research.
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Research on anoxia-tolerant vertebrates holds promise for better preventing
and treating humans suffering from oxygen deprivation, in the form of heart attack
or stroke. The identification of sncRNAs that are promising for playing a major role
in cellular and organismal response to anoxia in anoxia-tolerant organisms,
presented here, may be the basis of informing future therapeutics. Since
mechanisms of cell biology are highly conserved, as evidenced by the comparable
sncRNA transcriptomes of different anoxia-tolerant vertebrates, it is conceivable
that sncRNAs identified in anoxia-tolerant species may have biological function in
humans as well, but lack high expression. Advances in RNA therapeutics are on the
rise, increasing the chances of altering pathology by delivering an RNA product to
alter gene expression. MitosRNAs have been identified in humans, but have not been
studied in the context of stress or anoxia tolerance. Since mitosRNAs are also
present in humans, it is possible that if they were delivered in high enough
quantities at the right time, they may be able to influence the course of a heart
attack or stroke, or perhaps extend the life of an organ between a donor and
recipient.

Final conclusions and outlook
The thorough investigation of sncRNAs in anoxia-tolerant vertebrates
contained in this dissertation contributes substantially to the fields of anoxiatolerance and cell biology. This work provides a comprehensive survey of sncRNAs
and their expression in anoxia-tolerant vertebrates and cells, revealing multiple
groups of sequences whose expression patterns indicate a putative role in anoxia
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tolerance. The recovery-responsive miRNAs and anoxia-responsive mitosRNAs
identified in A. limnaeus are exciting groups to follow-up on. Both have the potential
to further illuminate the biology of extreme anoxia tolerance, with implications for
human medicine. The later, mitosRNAs, have the potential to fundamentally shift
our understanding of cellular biology and the regulation of gene expression. The
data presented here on mitosRNAs creates a case for mitosRNAs acting as an agent
of communication from the mitochondria to products of the nuclear genome in the
cytoplasm. Investigating this biology may yield new insight into intracellular
communication and response to stress, and may uncover new targets for
therapeutics. Understanding this biology has implications for human disease,
including complex diseases such as cancer and pathologies associated with the
mitochondria.
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